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SIR: 

I, Jean-Charles SCHWARTZ, residing at 9 Villa Seurat, 75014 Paris, France, 
declare and say as: 

1 . I am a citizen of France. 



2. I am honorary Professor and Chairman at Universite Rene Descartes in 
Paris, honorary member of the Institut Universitaire de France, member of the 
European Academy (Academia Europea), member of the French Academy of 
Sciences and author of over 700 publications in international journals. 



3. I am an inventor of the above-identified patent application. I am aware 
that the claims of the present patent application have been rejected for alleged lack 
of enablement. 



4. The present patent application is directed to the treatment of disorders 
using a compound of formula Ha which acts as a ligand of the histamine H 3 receptor. 
As a result, the compounds block the H3 receptor, enhance the release of histamine, 
increase the level of tele-methylhistamine (a major histamine metabolite), and treat 
diseases and disorders which benefit from activation of histaminergic neurons activity. 

5. I refer to my previous declarations of January 8, 2003 and December 19, 
2003 to the effect that experimental results on animals given in the specification and 
in the latter declaration are predictable of the human activity. 
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6.1. Clinical conditions in which persons experience loss of Attention, 
Wakefulness and Memory to a greater extent than one would expect for age may 
occur between normal aging and Alzheimer disease (AD). However, they do not meet 
as yet the currently accepted criteria for AD. There are multiple observations 
indicating that these persons develop AD during the next years in a considerably 
higher proportion than healthy age-matched persons. 

6.2. Although the effects of H 3 receptor antagonists have not yet been 
studied in persons with either Attention, Wakefulness and Memory disorders or AD, 
there are good reasons derived from preclinical and clinical experimentations to 
believe that this novel class of drugs will be useful to treat the symptomatology and 
the progression of both conditions. 

7.1. The size and metabolic activity of histaminergic neurons in the 
tuberomamillary nucleus and Hi receptor density in cortex decrease in AD, thus 
indicating that histaminergic transmission is decreased in AD (Panula et al., NeuroscL 
1998, 82, 993). 

7.2. Additionally, histaminergic neurons have a well-established role in 
Memorization, Attention and Wakefulness, i. e. cognition (Schwartz and Arrang in 
Neuropsychopharmacology, Davis, Charney, Coyle and Nemeroff eds Lippincott Publ. 
2002, pp. 179-190). 

Thus, it can be concluded that enhancement of histaminergic neuron activity 
can compensate cognitive impairment in both AD and Attention, Wakefulness and 
Memorization Disorders. 

7.3. The H 3 receptor is an auto-receptor; blockade of the H 3 receptor 
enhances the electrical and metabolic activity of histaminergic neurons in the 
tuberomamillary nucleus and increases histamine release from corresponding 
terminals (Arrang et al. Nature, 1987, 327, 117). 

7.4. Enhancement of histamine release from cerebral neurons elicits in 
animals, e.g. cats or mice, a shift in electroencephalograph^ (EEG) patterns 
consisting in the appearance of a higher proportion of high frequency waves at the 
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expense of low frequency waves; such change in spectral power density is 
considered as a sign of induction of procognitive effect i.e. enhanced vigilance and 
attention (Ligneau et al., J.PharmacoI.exper.Ther., 1998,287,658). 

7.5. H3-receptor antagonists are able to exert the above actions 
(enhancement of activity of histaminergic neurons and increase of histamine release) 
in order to compensate for the histaminergic transmission impairment in AD and 
Attention, Wakefulness and Memorization Disorders. To date, they are the sole class 
of drugs known to exert such actions and therefore constitute a rational treatment of 
these diseases. 

8.1. The impairment of cholinergic neurons in AD is also well established as a 
cause of the cognitive deficit, The release of histamine from histaminergic neurons 
triggered by H 3 -receptor antagonists onto spared cholinergic neurons is known to 
enhance the activity of said cholinergic neurons; release of histamine is thus to 
indirectly improve cognitive functions (Passani et al., NeuroscL Biobehav. Rev., 2000, 
24, 107 et Bacciotini et al. t Behav. Brain Res. t 2001, 124, 183). It is thus expected 
that H 3 -receptor antagonists improve cognitive functions in AD as well as Attention, 
Wakefulness and Memorization Disorders. 

8.2, This is confirmed by experiments showing that H 3 -receptor antagonists 
reverse the learning deficit associated with cholinergic impairment experimentally 
induced in rodents by drugs like scopolamine (Passani et al., et Bacciotini et al., ibid.). 

9. This is also confirmed by the References numbered 1, 6, 7, 8 submitted 
with my previous Declarations. Support for AD can be found in References 1 and 8 
(abstract); Support for Attention, Wakefulness and/or Memorization disorders can be 
found in References 1 (pages 27 and 30), 6 (page 401), 7 (abstract) and 8 (title + 
abstract). 

10.1 Recent personal studies (unpublished) in humans receiving an 
histamine H 3 -receptor antagonist have evidenced a shift towards high frequency 
waves in the EEG (known to be associated with procognitive effects) as well as on 
improved attention (assessed by impaired performance in the Critical Flicker Test). 
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10.2. In these studies, groups of 5 male human volunteers received either a 
placebo or one compound of the invention (compound of example 117) orally, in 
capsules, at single dosages of 40, 60, 90 or 120 mg. 

Their EEG were recorded at four leads, two anteriorly (L1 and L4) and two 
posteriorly (L2 and L3) and the recordings submitted to quantitative spectral analysis 
using Fourier transforms. The data showed a significant shift of the wave frequencies 
distributions with an increased population of the very high frequency waves (20-30 
and 30-40 Hz) at the expense of the low frequency waves. This change appeared to 
be dose dependent, being manifested by more than 30% increase in the Area Under 
The Curve describing the frequencies distribution in anterior leads after a dose of 
120mg.ln addition similar changes were recorded in a group of 6 volunteers receiving 
the same compound at 40 mg, once a day, for 9 days, the effect being more marked 
at day 8 than at day 1. 

In subjects receiving single doses of the same compound, a dose-dependent 
improvement of performances was evidenced on the Critical Flicker Fusion Test, a 
classical psychometric test evaluating the levels of vigilance and attention: for 
example at 60 mg the Flicker-Fusion threshold was enhanced by -1.5 Hz after 90 
min and by -2.5 Hz after 1 1 h (P inferior to 0.01). 

1 0.3. These data show that: 

1) EEG changes indicate enhanced arousal, vigilance, attention and improved 
cognition; further, these changes were similar to those reported in animals 

2) Psychometric tests confirm these cognitive improvements 

3) These cognitive improvements were not only sustained but also augmented after 
repeated administration, showing the potential of these drugs for treatment of 
chronic cognitive impairment disorders, such as those occurring in AD and 
Wakefulness, Attention and Memorization disorders, even in the absence of brain 
histaminergic neuron activity defects. 

11. Consequently, the above discussions and experimental results provided 
sound evidence that there exists a direct nexus between the H3 receptor inhibiting 
activity shown by the compounds of the invention and their utility for treating 
Alzheimer disease and Wakefulness, Attention and Memorization disorders as 
presently recited in claim 1 . 
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12. The undersigned declares further that all statements made herein of his 
knowledge are true and that all statements made on Information and belief are 
believed to be true; and further that these statements were made with the knowledge 
that willful false statements and the like so made are punishable by fine or 
imprisonment, or both, under section 1001 of Title 18 of United States Code and that 
such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 



Signed this 




Reprinted Com Nature. Vol. 302. No 5911. pp. 832-837. JSApril 1 98 3 
0 Mac mi Hon Journals Ltd., 1983 



Auto-inhibition of brain histamine 
release mediated by a novel 
class (H 3 ) of histamine receptor 

Jean-Michel Anrang, Monlque Garbarg 
& Jean-Charles Schwartz 

Unite de Ncurobiolcgie U109, Cenlre Paul Broca de 1'INSERM. 
2icr, rue d'Alesia. 75014 Paris. France 

Although histfl m in ergic neurones have noi vet been histothemi- 
cally visualized, there is little doubt that histamine (HA) has a 
neurotransmitter role in the invertebrate and mammalian cen- 
tral nervous system 1 ' 1 . For example* a combination of bio- 
chemical, electrophysiological and lesion studies in rats have 
shown that histamine is synthesized in and released from a 
discrete set of neurones ascending through the lateral 
hypothalamic area and widely projecting in the telen- 
cephalon'"'. Histamine acts on target cells in mammalian brain 
via stimulation of two classes of receptor (H, and H 5 ) previously 
characterized in peripheral organs'"'' and probably uses Ca 2 * 
and cyclic AMP, respectively, as second messengers*' 10 . It i« 
well established that several neurotransmitters affect neuronal 
activity in the central nervous system through stimulation not 
OnJy of postsynaptic receptors, but also of receptors located 
presynaptically which ohen display distinct pharmacological 
specificity and by which they may control their own release. 
Such 'auiorcccptors 1 have been demonstrated for postulated) 
in the case of noradrenaline, dopamine, serotonin, acetylcholine 
and y-amlnobutyric add (GABA) neurones 1112 but have never 
been demonstrated for histamine. Wc show here that histamine 
inhibits its own release from depolarized slices of rat cerebral 
cortex, an action apparently mediated by n class of receptor 
(H>) pharmacologically distinct from those previously charac- 
terized, that is, the Hi and H 2 receptors. 

We studied histamine release from slices of ret cerebral 
cortex previously labelled by preincubation in ihc presence of 
''H-histidine. The cerebral cortex was selected for study as 
histamine synthesis in this region occurs predominantly in ter- 
minals of extrinsic neurones as shown by its occurrence in 
synaptosomes 13 , its strong ipsilatcral reduction following lesions 
ai the level oi the lateral hypothalamic area 314 and its almost 
total interruption after complete cortical deafferentatian 13 . 
Labelling of the endogenous histamine stores by the 3 H-labs!led 
precursor 1 '' instead of the *H-amine itself (as is performed in 
most in vitro release studies of catecholamines, for instance) 
was selected because an active re-uptake mechanism analogous 
to that operating for other amine or amino acid neurotransmit- 
ters has never been demonstrated for histamine in brain, which 
would allow its selective entry into histaminergic neurones. 
Thus, although brain slices incubated in the presence of 3 H- 
histamine. are labelled and thereafter release the 3 H-amine 
when depolarized 11 " 30 , several features make it doubtful that 
these processes involve a transport system operating selectively 
within histaminergic neurones: (1) the entry of the labelled 
amine into cerebral slices is extremely slow, equilibrium not 
being reached for several hours 11 ; (2) the process is not satur- 
able, docs not occur against marked concentration gradients 
and its energy-dependent character has never been demon- 
strated (refs 17-19 and J.M.A., M G. and J.C.S., unpublished 
observations); (3) the extent to which slices from several brain 
regions are labelled by J H-histamine varies but does not parallel 
the distribution oF histaminergic neurone markers like 
endogenous histamine content or L-histidine decarboxvlasc 
activity 1 *. 

Cortical slices were preincubatcd in the presence of 3.3 x 
10" M J H-hinjdine and a series of washing steps were per- 
formed to eliminate excess 3 I-Mabel!cd precursor and to obtain 
a low constant basal efflux of s H-hisiamine. Addition of 30 mM 
Inconsistently elicited in 2 mi n a fivefold increase in the level 
of 3 H-hJstaraine in the medium which, in such conditions, rep- 
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V'-mrthyl 



con cent r»t ion [Ml 

Fie. 1 Effect of. various histamine agonists on the K*-evoktd 
release of 3 H-hisramine from slices of rat cerebral cortex. Rit 
cortical slices were prtpared, preincubatcd with H-histidine 2nd 
washed by seven successive transfers as described in Table I 
legend. After the lasi washing period. 250-pJ aliquots of the slice 
smpen.Mon (2.5-3.5 mg protein) were distributed in plastic tubes 
(EppendorH containing 10 ^\ of the solutions of histsminc or 
agonists (adjusted to pH 7.0) and kept at 37 *C. Five minutes 
later, 250^1 of a modified Krcbs-Ringer's solution were added to 
give a final concentration of either 2 mM or 30 mM K and the 
incubations were slopped after 2 min by rapid centritugation. The 
spontaneous efflux of 3 H-hi5tiimine into the medium in the pres- 
ence of 2 mM K" represented 3.0 ±0.2% of the total 3 H-aminc 
present in u&vz plus medium (that it, 3,64fi±242 d.p.m. per mg 
protein in tissue and 111 ±9 d.p.m. per m 8 protein in medium). 
None of the adeed agents altered this jpontaneous efflux (not 
shown). In the presence of 30 mM K" and the absence of added 
igenw, the 3 H-hisi^mine leveJ in the medium represented 12.9 ± 
0,£% of :he total (3, 538 ±292 d.p.m. permg protein in tissue and 
524 ±50 d.p.m. per mi» protein in medium). The K*-evoked 
release won calculeted . in each experiment as the difference 
between mean 3 H- histamine levels in 30 mM K* and 2mM K* 
media respectively [both expressed as percentages of total 
^-histamine) and represented 9.9±0.8% fmcan±5.e.m of 25 
experiments) Results are expressed a? percentages of this value, 
each point representing at least triplicate determinations in 1-10 
different experiment*. The maxima) inhibition of 30 mM K"- 
evoked 3 H-htstamine release by exogenous histamine, rV-methyl* 
histamine and A/*, A r " -dime thy Ihir.tamine was 61 ±3%. 

resented - 10% of the total (Table 1). The magnitude of the 
depolarization-induced release, expressed as a percentage of 
the tissue content, was similar to that of endogenous!/ synthe- 
sized 'H-hisiamine 16 or of endogenous histamine 21 from 
hypothalamic slices. However, the K~-induced release was not 
accompanied by a stimulation of 3 H-hJstamine formation as 
thai observed 1 * in slices to which the depolarizing stimulus was 
applied while high 3 H-histidine levels were still present in the 
medium; this suggests that, due to the extensive preliminary 
washings performed in the present experiments, the specific 
activity of the s H-precursor in the synthesis pools was reduced 
to negligible levels compared with those present during the 
'synthesis period'. The efTect of the 30 mM etimulus was 
totally abolished when slices were allowed to synthesize and 
release 3 H-histamine in a Ca 5 *-frce medium (Table \ a ) or to 
release it in medium containing 10 mM Mg J ~ presumably acting 
as a Ca w antagonist (Table 16). The calcium dependency of 
the depolarization-induced histamine release has also been 
reported for hypothalamic slices 1 * 21 . 

When 10" 6 M nonradioactive histamine was present in the 
medium, the *H-histamine release elicited by 30 mM K T (over 
basal efflux) was inhibited by -50%, while the basal efflux 
itself was unaffected (Table 1c). The 'H-histaraine release 
induced by another depolarizing agent, veratridine, acting by 
promoting Na* permeability, was also significantly inhibited in 



the preseoce of 10" 6 M exogenous histamine (Tabte If). It is 
: anfikdy that these effects of oogenous histamine resulted from 
r*B.,ijnpaimJ cynihcsifi of 'H-histamine via end-product 
K '^SS&ii&Vtt (I) ccrcbraJ L-histidinc decarbOKylas« 
_ xJiLlbb^te attracts is not modified In the presence of 
^^m^^sotatralioiu as high as 1(T 3 M (refs 16, 22); (2) 
^ f ^n^|S tf^ 1^ k * tMm1ng fftfwlfltiQfl was occurring in the slices 
*5;.T^||he tiatt wheoihe depolarizing stimuli were applied as shown 
by the pfiT^m^ tissue levels of 'H-histarnine in the presence 
ol o-bydrazinohistldine. an L-hktidine decarboxylase inhihi- 



lor 1 "* 25 ; iko the inhibitory effect of exogenous histamine per 
fisted in the presence of the synthesis inhibitor (Table \<jy \ { { 
also unlikely thattheaclionofexogenoushistamineres^ltcdlro^ 
an isotopic dilution of the endogenously synthesized 3 H-hisi a . 
mine in the tissues, because an effect of similar magnitude 
was still observed when the nonradioactive amine was added 
together with the depolarizing stimulus (see Fig. 2 legend) 0r 
when ■ H-histamine was synthesifced from H-histidme of 2S0 
times lower specific activity (not shown). In contrast, the addi- 
tion of exogenous histamine docs not modify the release pTocc&s 



Table I Relcom of fleufy (>nihc>^ed *H-riitlam.ne and lis inhibition hy etopenouc histamine m sliees of rat cerebral cone* 
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Krel>s-Ringer's with 10 mM Mg : ' 
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Ks\s were killed by decapitation and slices (C 3 mm thick) were obtained trom the cerebri corler with a Mcriwain tissue chopper. Pooled slices from wo animals 

ErPO,, 17.5 
incubation at 
l-bretidine C57.5Ci 
: transferred to 





oi 2 or 30 mM K' it-4) (in the presence ol 30 mM K", KnCl concentration was decrease J to compensate, so ihat isorcolarit) was mainiiiinsd), or 13 *M vcrairidinc 
10. When required, exogenous histamine (10* l M) wai pretcnt ai the ttiri of the incubation After 2 min. incubalioni were stopped by rapid cenmfa^uon. pellets 
were homogenized m 200 ul 0.01 M HCl find 'H-hiittmine present in the ne'let end supernatant was isolated by ion-exehihge eivwrnatogrsphy an Ambertile CC 50 
column* Rodiotci-viiy was estimnted by liquid siintillotion flpectromciry At t5% counting efficiency; at least 1,000 disintegrations were counted over a background 
of 16 c. p.m. In cszh experiment, 'H-histsmtnc rtcoveriej and 5 H-his:idinc canrimlnatlona in the isolation procedure were evaluated. For thw purpose, test *K-)ibe]Ied 
comoounds were applied to columns in<J submitted to the soms *asl\in£ and eliuicn procedures as the extracts of pelJei or medium. 3 H-hUumine reco«eri«.were 
dorl% and ■ H-hiitidine eonTftminorioni were lets than 0.01% ; expcrimenral d«ta were corrected accordingly. In a lypiaJ cxperimcnl with 3mg of tissue protein, 
ihe ^ amount of total mdioaciiwity m slices at the onset of stimulation was 4.: x iO* d.p.m., indicating ibout 95% of the initial J H-histidme had been removed 
durine the extensive tushinfl procedure. 'Hie levels oF tot&l ridio&etivity in tistucs or medium *ere not iignificantly modified after iddition of the variouj aganti. 

H-hislannne repreienred 2.4±0.il% di total ratHoociivity in the tissue before upplirstion or dcpolariiing (timuli. T7ie *mounti ol ^-histomine found in the medium 
in typical erpenmenu were 370*20 d p.m, and 1,760 = 120 d p.m., in the pretence of 2 m M ond 30mM K\ reipeciivcJy. In a conirol erpenmtnitht 'H-hbelled 
material released Tram the tlices b> o 50 mM K" stimulus and clutcd from th: colomn* was identified es authentic ^-histamine by tnrymtuz ira reformat ion Into 
chloroform -einnct.ible M-^'-meihylhmamine under the nction of aemi-purified hictflimne-A'-methyHransf erase in the presence of 10 >iM 5-«i!enoAvlme0iianine as 
a methyl donor ; recovery in the organic wlv cr i phase was the some as that for q 1.2 x in- Ci c&mple of authentic 'H-histaminc run in evkliel/a, A Ca^-frce 
medium «a« used from the be £ .n.i.n£ to the end of the experiment (ouHtlrLiplicire dctcrminationi). Tl^e incr:.is«d 'H-hiiUminr levels in this experiment probably 
r.uleei ihs decrewc of rcleaie dur,n S the successive washing penods 1 ' 6. The fna! conatmrjhon of 10 mM MfiS0 4 wis present only during the 2 min incubation 
w l- ° f "? ^'P 1 '" 1 * deisrminationO. e. VrJues reprr«nt the mean ^s.c.m. of triplicate determinations from 41 experiments ex:epi for 2 mM K* plui 

0 M hmumme i (two i expenments with quadruplicate dtterminoiions). rf. The Uti washing period (10 min) and the finJl 2 min incubation period were conducted in 
the presene* or 10 M «-hydraiineMctidlne (quodru plicate dticrminotiow). l>e total 'H-hittaminc consent (tUsue pluk medium) whs 3,132 ± 120 d p.m. per mj 
protein compared with 2,850* 131 d.p.m. per mg protein obtaJncd in a parallel experiment in the Absence of a-hvdrarinohiftidine. In ccntnsi, in a eont^cJ experiment 
(not thown) the tddiiion nf the L-hist.d.ne decsrbo«yla« inhibitor 10 min b:forc 'H-hiMidlnc resulted in a 93% dsaeaie in ^H-hitiamine ssmthesis in the slices (7P0 
versus i i ( 3io d.pm.j (. One typical cicperirnent with quadruplicate determinations. 5imlUr d«ia o-ere obtained in two additional dminei experiments *i:h 5 ^M 
vcratridinc (data not shown). 
• P<O.0l; 'P<0.C5 compared with the correspondlra controls. 
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in slices directly labelled with 'H-histaminc'", again indicating 
thai the Jailer does not significantly enter the endogenous 
histamine pock. Finally, an inhibition of 5 H-histarmne motiva- 
tion processes by exogenous histamine would have resulted in 
an opposite effect-that is. an increased recovery in the 
medium. In fact, the hypothesis that the inhibitory effect of 
exogenous histamine in slices is a receptor-mediflted process is 
substantiated by observations that it displays characters of 
saturaSilit , reversibility, high pharmacological specificity and 
that it is antagonize in an apparently competitive manner. 

The inhibitory action of histamine 
de n i(Fi6.1).^thamwimalmhibiaonof61*3%oflC -evoked 

J H-histamine release and a half-maxima] eflect of a i 4.1 ±0. I x 

10"' M concentration of histamine added S min before the It 

stimulus {when histamine was added together with the K 

stimulus, This EC S0 value wa* increased threefold, while the 

maximal inhibition was of similar magnivude; see Fig. 26). The^ 

effect of exogenous histamine was reversible as inhibition of 

release was no longer observed when slices were rapidly washed 

after exposure to the amine and before depolarization (not 

shown). Because the inhibitory action of exogenous histamine 

on release was not prevented in the presence of 2*10" M 

tetrodotoxm (to block propagation of action potentials in slices), 

was less pronounced when release was evoked by a stronger 

depolamation (66 mW K" or 20 nM veratridine) and was also 

observed on conical synaptou>me$ depolarized by K + (J.M.A., 

M.G. and J.C.S., in preparation), it is liVely to result, as in the 

case of other neurotransmitters, from a direct stimulation of 

autoreceptors 11 *". . . . , _ ~ . 

The inhibitory action of histamine was mimicked by its two 
N u and N\ AT-methyl derivatives (Fi£. 1) which showed the 
same maximal effect but with about three- and twofold higher 
relative potency, respectively, while they are slightly less potent 
than histamine at typical H, and H» receptors (Table 2). In 
contrast. N* -methylhistamine or AT-methylhistamine {a major 
histamine metabolite in brain) had no significant inhibitory 
activity and the s*me was true for compounds hke 
2-mcthylhistaminc, 4-methylhistamine, 2-thiAzolylethylamine 



or dimaprit which, however, all display measurable agonist 
activity at either H, or H, receptors (Fig. 1 and Table 2). 
Interestingly, impromidine, a potent but partial histamine agon- 
ist at H 3 receptors 3 *, not only [ailed to mimick the inhibitory 
action of histamine (at a concentration between 5 x 10* 10 M and 
10" M) but increased by -20% the K*-evoked release of 
3 H-histamine. This fncilit&tory action of impromidine, although 
of limited amplitude, was highly reproducible, concentration- 
dependent (with a half-maximal effect at -3xl0" 6 M) and was 
not observed on the spontaneous efflux of 3 H-histamine (2 mM 
KT). This suggested thai impromidine might have been acting 
as an antagonist towards endogenous histamine released by the 
K'" stimulus, thus revealing a normal negative feedback modula- 
tion of histamine release, as is the case for various autoreceptor 
antagonists 11,15 . Indeed, the inhibitory action of exogenous 
histamine (10"' WL) on release was progressively reversed in the 
presence of impromidine at increasing concentrations, with a 
50% inhibitory concentration (IC 5D ) of 5.7k 1.1 10" M (Fig. 
2a), about 20 times higher than the drug concentration respon- 
sible for the hali-maximal facilitatory effect (Fig. 1), The sur- 
mountable character of the antagonism of exogenous histamine 
by impromidine was demonstrated by opposing the drug at 
fixed concentrations to the amine at increasing concentrations; 
there was ? praprewive rightward shift of the concentration- 
response curve to histamine, whose maximal inhibitory effect 
was in all cases, the same— that is, about 60% inhibition of 
K*-evoked releose (Fig. 26). Schild plot analysis of these data 
was performed while neglecting the influence of endogenous 
histamine (inset of Fig. 26) and gave a straight line with a slope 
of 1.32 ±0.34, compatible with impromidine acting as a com- 
petitive antagonist of exogenous histamine. Tne pA 2 value of 
impromidine was 7.5, in good agreement with the value of 
6.5 x 10" s M (Table 2) which is derived from its IC 5(1 value in 
the experiment of Fig. la. assuming a competitive antagonism' 
and again neglecting the influence of endogenous histamine. 
Also, a K* value of 6.3 x 10"* M for impromidine was found 
when the drug was opposed to a 10" M concentration of 
histamine and its IC« value (4.9 * 10" 5 M) was introduced into 
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lmpr °^! f«1l ta orv effect (Fig 1) was close to these apparent 

Sni from blockade by impromidinc of a feedback inhibi- 
on o i histamine release mediated by the same class of 
rcccoton as those on which exogenous histamine acts leads to 
rhe idea that the 'equivalent concentration or endogenous 
histamine was rather lower than the EC M value of exogenous 
histamine, that is. 4 * 10" 6 M. This would account tor an inh.b- 
torv efTeci being still observable when exogenous histamine was 
added (the -brake" is not maximally triggered by the endogenous 

amine). . . . m . 

The consistency of apparent dissociation constants ol 
impromidine in these various tests indicates that neglecting 
the probably complex influence ol endogenous histamine 
(whose concentration in the vicinity of putative nutoreceptors 
varies with time and is influenced by the antagonists) has prob- 
ably not biased these evaluations to any great extent. Therefore. 
Although the apparent dissociation constants of antagonists 
must be regarded, to a certain extent, as approximations (as, 
inherently, in any other autoreccptor system) Ihcy have allowed 
us to characterize the receptors mediating the feedback inhibi- 
tion of histamine release. 
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Histamine and pmeniial agonic w :r c icsted fin 2-1 1 different conc^mrahons) 
u described in Fig. 1— that K tncy were idded Smin before »he K wmuUj 
Their EC W value wm defined as the concentration result m b haU-maitinui 
inhibition of K-.evoVc* ^-histamine u\titt % marlmal Inhibition 
I«e Fie- I legend). The relative potency w&s calculated M the ratio El^ o 
hnisminc/EC* ot ipnis! * 100. The EC 5D for hUunine *as 4 1 ±0.8 < 10 M 
lvalues obtained by filling the curve shown in Fig. 1 *ith an jierotivc c0 ™P uwr 
tsBSi-sQusrcs meihodl. Potential &nTagonisi« *erc added in at Icon tour different 
concentration* S mir, before 10'* M histamine and 30 mM K* find their IL 10 S 
(eancenlmien for which the inhibitory effeei of e<oe«nous histamine *ns reduced 
by 50V ) determined in experiment! similar to tricsa of Fig. 2a using the iterative 
computer method". Apparent dislocation conanrus {K D values) were calculated 
burning o competitive anuconitm. according to the equation* : Ao m 
tC, c /(l +f/ECj/,). wi»erc s feprcientt the concentration of ciiogeuoui hismmine 
(10- M) and EC„ the amine concentration (1.3*0.2* M) eliciting a 
half-maxima) inhibitor! efleel an K*- evoked rtteaje o( M-I-hinamine (data from 
Fig. 26). None of the egenM altered the tnontancout afflux of 'K-hisumine At 
ihe highest concentration u«cd to determine ihcir antagonist activity. The values 
deflf»kfc ihe ic\lvi^vof the various sgents on the (tuinea pig ileum and atrium are 
taVen iroi« th« review of Gannllin 1 *. Hisraminergie ajenu were given by C. R. 
GBneiitn. The (ollowing kgems were inactive at anibgonioti: ocopol^mln*. 
spiroperidol, naloxone, propranolol, mfancerint, dc&ipTflmine (K"» > 10" ? Ml. 
phenlol&m'tne. dampcridonc (JtT B > \0" A M) *pd irni^siolc lK p >10'" Ml. 



White H.-antihi5tamiasrs like mepyramine, cyclizine or chlor- 
pheniramine were ineffective in concentrations at which they 
block Hj receptors, several H : -antihi$ramines antagonized in 
a concentration-dependent manner ihe inhibition of release 
elicited bv 10"* M histamine (Fig. 2a and Table 2) and the 
antagonism was surmounted by 2xl<r'M htsiamme (not 
shown). Moreover, the competitive nature of the antagonism 
elicited by the ^-antihistamine burimamide (Fig. 2c) was 
checked by Schild plot analysis of the data, giving a straight 
line with a slope of 1.19±0.73 (inset of Fig. 2c J. Again the 
pA 3 value of 7.5 for this compound wat in good agreement 
with the AT, value of 7xlO* fi M derived from its IC« value 
against 10" fc M histamine (Table 2). Also, a facilitation of 
5 H-histiimuie release similar to that elicited by impromidine 
was observed in the presence of high concentrations of 
burimamide (Fig. 2c ) as well as of other antagonists (not shown). 
These effects of H a -antihistamines clearly cannot be attributed, 
however, to blockade of H : receptors as the potency of the 
various compounds markedly differed from thaj delayed at 
either peripheral or cerebral H 3 receptors^ 3 . Thus, while the 
apparent dis^ocvation constant of metiamidc was in both cases 
in the micromolar range, large differences were observed for 
th* other compounds: tor example, burimamide which is i^u 
tim PS i fi « potent ihan tiotidine* 8 at Hj receptors was at least 
170 times more potent than the latter at putative histamine 
auioreceptors. Similarly, SKF91486l3[4(5Hroida2olyl]prM3r1 ; 
guanidine), a weat H, receptor antagonist (K h = 2.2 x 1 0 Mj 
was quite potent at these histamine receptors {Kz = B.&* 
10" n M). These differences do not arise from a restricted and 
variable diffusion of ^-antihistamines into the slice preparation 
because. (1) the apparent K t values of the compounds were not 
modified when preincubation in their presence was extended 
from 5 to 15 min; (2) the Kb value of burimamide was lower 
(by two orders of magnitude) than on H s receptors; (3) in guinea 
pi fi hippocampal slices of similar thickness, the H 3 -antihis- 
Tamincs sntapomze the stimulation of cyclic AVfP formation 
mediated by H; receptors with potencies in dose agreement 
with those reported on other responses mediated by this 
homogeneous class of receptors (ref. 30 and J.M.A.. M.G. and 
J.C.S., unpublished data). 

Thui from the relative potencies of histamine agonists and, 
more rchably 31 . from the apparent dissociat^n constants o 
histamine antagonists, as well as from the lack o effect ^of 
antagonists of other neurotransmitter* (Table 2) it can be con- 
cluded that the auto-inhibition of histamine release in brain is 
mediated bv an as yet unidentified class of histamine receptor; 
we propose calling these putative autorcceptors Hj- 

A striking feature of the histamine auto -inhibitory process 
is that it operates at concentrations of the air.me at least lou 
times lower than those required to stimulate putative post- 
synaptic receptors in the brain slice preparation, that «. Hi 
receptors mediating glycogenosis* or H 3 ^P t0 ^ c ^2 
for the stimulation of cyclic AMP accumulation " • Although 
this is not a general feature, there are other examples in the 
literature of cerebral autoreceptors being more sensitive to the 
neurotransmitter than corresponding postsynaptic recepton; 
for example, noradrenaline inhibits its own release via a, 
adrenoceptor stimulation at concentrations approximately 
100 times lower than those required to ^irmjlate 0- 
adrenoceptors mediating the stimulation of cyclic AMP for- 
mation 3 *; a similar Equation might exist for serotonin . It 
might be difficult at first sight to consider the means of function- 
inc of a svnapse in which the release of the neurotransmitter 
is already inhibited when its concentration m the deft reaches 
levels well below the threshold for target cell summation. In 
[act, this is only an apparent paradox that can be resolved by 
taking into account several features of the system. First, even 
when maximally stimulated by the exogenous amine autorecep- 
tors inhibit the release only partially, that is, generally by - aO A 
as found for histamine, so that transmission can never be totally 
interrupted by this process. Second, the endogenous amine 
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might not maximally trigger the auto-inhibitory system, even 
when its concentration in thexleft is largely above that required 
10 saturate autoreceptors. Thus endogenous histamine 
maximally inhibited by 20% its own release (see the facilitator? 
aaion of irapromidine in Fig. 1) although its concentration in 
the extracellular space of the slice* was probably well above 
the micromolar range (estimation based on instantaneous 
release of 10% of the endogenous amine into the whole 
extracellular space of the slices). This incomplete auto-inhibi- 
tion might result from spatial factors, the released amine not 
being able to reach before diffusion or inactivation all 
autorecepiors (like the extrasynapiic ones) that rhe exogenous 
amine stimulates. More likely, ii might result from temporal 
factors : the concentration of endogen ous histamine correspond - 
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ing to maximal stimulation of autorecepiors may not be reached 
within the slices before die short delay beyond which it can no 
longer affect the release process. The physiological situation, 
indeed, clearly differs as the release is triggered by trains or 
impulses so that autorcceptor stimulation during a singte 
impulse may affect the amount of neurotransmitter released by 
subsequent impulses. ■ 

In any event, the high pharmacological specificity or n* 
receptors which clearly differs from that of H, and H : receptors, 
suggests that development of compounds able to stimulate or 
block them selectively will provide useful tools for elucidating 
the precise functions of histaminergic neurones in the brain. 

We thank Dr C. R. Ganellin and Smith-Kline & Frencn 
Research for providing a fellowship (J.-M A-)- 
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polite wavs. which invested thai they could be 
c*ed i'ot in *'ivo srudies of the histamincrgic sys- 
tem in the CMS lArrang c[ *|.. 19S7J. 

To this a.m. w C have now aaicssed the sdeciiv. 
ny of these Compounds by determining their 
potencies ar cerebral H r and H r receptors and 
character.;^ iheir in vivo effect* in terms of 
duration anJ Active clones. Ths former was 
evaluated for various indices of cerehral histamine 
turnover. An additional aim of the present study 
wa$ (o compare, in terms of sensitivity and practi- 
cal lcaMhihr, the various methods thai could be 
uj-ed to suaMish tbe effects of novel llyreccptor 
ligwnds and .%ihcf agents effecting histamine neu- 
rons in wjvo 



2. Materials xnd methods 

2 I. Animals 

Male Harriey guinea-pigs (Iffa-C^edo. France) 
we I£ h,n£ 300 .150 g were c*ed for measurement of 
cyclic AMP uAMP) responses and binding stud- 
i<K. M«»e W.,tar rats (Fffa-Crcdo, France) weigh- 
ing 30-1 10 g -.ere uS -d for all in viw> experiments. 
Tood and water were given at Libitum except in 
the case of or.il treatments, before which mts were 
la.<red for 24 J>. 

-?.-\ Doormtmtrion t>J cyclic AMP accumulation in 
/train sheet 

Slices of guinea-pig hippocampus were prepared 
and incubarM with te<i agents according to the 
procedure of Palacios et al. (1978). incubations 
we^ icrnnna!::d by sunication of the slices and 
deproicmisaiion at <55°C for 8 nun, The 
concentration of C AMp was determined by the 
protein binding wsa y method of Brown el al 

■?..-?. Pctermtnnrion of endofctwus histamine 

The cerebral cortex was rapidly dissected out in 
ibe cold, hun.ogcnucd in 10 volumes (w/v) of 
•oc.cr.UI 0.3: m mcrusc using a TeHon-glass 
rV.tur-EKehje.-n homogeni* C r {clearance 0.10-0 J5 
nmt A cru0e M : ^ywpicwmal fraction was 



prepjred by means of two courifugatioiis (3000 x 
10 mm and 20000 x#. 20 min. respectively). 
The last pellet was resuspended in poiajtfium 
phosphate buffer (20 mM. P H 7.6) and aliquois 
were immediately heated at 95 °C for 10 min. 
C'eoirifugat.on (5000 x 10 min) was followed by 
away of the supernatant for histamine. The super- 
natant could be kept at - S0 C C for several weeks. 

Endogenous histamine wns measured with a 
radioeraymatic assay (Garbarg et al.. 1983) using 
[^HjS-adenosylmcthionine (6Q nM) and a prepara- 
tion of rat kidney hi\stamine-N*methyltran.sferase 
purified according to Verburg et al (19S3). The 
purification of the enzyme wa* slightly modified, 
with a two-step ammonium sulfate fractionation 
and the addition of 101 glycerol and 1 mM di- 
ihiothreitol in the chromatographic procedures. 
The enzyme eluted from the phenyl sepharose 
column was used without funhcr purification. The 
reaction wa* stopped after I b incubation of the 
reaction mixture at 25 °C by the addition of per- 
chloric acid (final concentration 0.4 N) and N r - 
■nethvlhistamine was extracted in chloroform. The 
sensitivity of the asiay was 5 pg histamine. The 
recovery of pure histamine added to the tissue 
extracts wis 77 ± 3$ and result* we Ttr corrected 
accordingly. Tr was checked thai this recovery was 
not modified in the brain of drug- treated animals. 

Dctcrmxahon cf t K)<*.>neihy!hi:tamint in 
plasma 

A rddioenzymutic assay was developed, starting 
from ihc observation that (RWi- methyl histamine is 
a substrate for histamine-N-methyl-traniferaseand 
(u methylated derivative is readily extractive into 
chjoro/orm (Hough et al. ( 1981). 

DIood was collected from ihe ruts at the time or 
decapitation.' After centrifugau'on (10000 x^. 2 
min) aliqunts of the clevtr plasma were used for 
acsay immediately or kept at -80°C. 

(R)a-Meihylhi«aminc was measured in plasma 
diluted 50- to 100-fold us described above for 
histamine. Standards of 25-200 pg (R)a-mcthW- 
bistarnine were added to 50- to 100-fold diluted 
plural from untreated rats. 

When buffer was used this method allowed the 
detection of 25 pg (R)a-methylhistamine/10 ^1. 
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corresponding to (wkc the blank values. i.e. the 
sensiiivif. of the assay was 5 (imci less than thai 
for histamine under similar conditions. The blank 
value* viuh plasma from untreated animals were 
higher because of the contribution of endogenous 
histamine (corresponding to a concentration of 
93 _fc 10 r.g/ml) and were subtracted from the 
values for treated animals. It was assumed, for this 
a^ay. thjt pta-smft histamine levels were not 
changed *y a result of the drug treatment. 

2.5 TMH'nninatton of endogenous H r ~w.hythisi<f 
mtne 

The cerebral cortex was homogenized in 10 
volumes fw/v) of ice-cold perchloric acid (0 4 N). 
The clear supernatant was used for assay :n> 
mcdiate)> after ccmrif ligation (5000 x £. 10 min) 
Or was svi.red at -80°C. 

N"-Mc'hyl histamine was measured by a new. 
sensitive and specific radioimmunoassay (Garharg 
et al.. in preparation). Briefly. N'-methylhiM amine 
was derivfttized with p-bcruoquinone (30 mg/ml). 
The reacuv>n w a $ allowed to proceed at pH 7.6 for 
50 min. then 2 M glycine was added to eliminate 
the excrs> of beo2oquinone. The derivatiied ex- 
tract was mixed with N^methylhisiamine-beTUO- 
quinone-lcucine-[ us i]tyrosine (10 pM) as a tracer 
and an antiserum raided in rabbit* against N T - 
meihylhistiminc conjugaled with bovine scrum 
albumin v.. :I p-benzoquinone. After incubation fm 
16 h at 4*0. ihc bound radioactivity was precipi- 
tated b> me addition of polyethylene glycol and 
was counted in a gamma spectrometer with an 
efficiency of S2$. The limit of detection was 5 pg 
of N'-methylhisiamins. Tne identity of the im- 
amnorcacirvi'iy from extracts of cerebral cortex 
*>as checked from itb co-eluiion with authentic 
N'-meihylhisiamiae on HPLC analysis (C 1K 
MBondapaV. column). The cross-reactivity of 
histamine m ih*. N r -niethylhistainJn« assa> was 
only 0.1 ruling out any interference of tissue 
histamine 

2. 'j. Determination of ( f HJhistamine synthesis 

( 2 H|L-H»siidifte (2:0 M Ci) previously purified 
nn Ambcri.ic CG-5Q columns was injec:ed in the 



tail vein of rats 10 min before decapitation. The 
cerebral cortex was rapidly dissected out and ho- 
mogenized in 10 volume* (w/v) of ice-cold 0.4 N 
perchloric acid. The resulting homogenate was 
cemrifugtd at 500G0 X 1 min. A small aliquot 
of the clear Mipernaianl was used to determine the 
loU] radioactivity, Another aliquot wa* brought 
up to pH 8.2 and chromatographed on an Am- 
berlile CGoO column. The 3 H amines adsorbed 
onto the resin were elutcd with acetic acid 
(Garbarg et ah. 1983). The chromatographic pro- 
cedurc was repeated a second time lo"ensurc effi- 
cient elimination or the 3 H precursor, L-histidine. 
This resulted in a contamination of 0.007$ b> 
[ 3 H)L-histidine. The recovery of [ 3 H)rusiarnine was 
74 ± 3S. The results were corrected accordingly. 

The level?, of 3 H amines corresponding mainly 
to [-Jijhistamine (Pollard et aL 1974), were ex- 
pressed either a« dpm/g tissue or *s the ratio 
between [-hjhisiamine ssmhcsi*ed and the total 
radioactivity in the same extract. 

2.7. Determination of L-hhtidine decarboxylase ac- 
tivity 

L-Histidinc decarboxylase activity was mea- 
sured in the crude P. synaptosomal fraction using 
[ H]L-ht?tidine *s substrate and o radiochromaio- 
grflphie assay (Garbarg et aL 19R3). (R)a-tvfethyl- 
hisiamine and ihiopcramide did not alter histidinc 
decarboxylase activity when they were added tc 
tissue extracts at concentrations up to 3 jiM. 

M In vitro binding nf f x H)mepyramme to H r re- 
emptors 

[•'HJMepyraminc binding (Hill et aL 1377) to a 
paniculate fraction from guinea-pig cerebellum 
was measured as described by Garbarg et al. 
(1983), using 0,2 /iVf mianserin to define non- 
specific binding. 

2,9. Radiochemicals and drugs 

M2,5-*HlHistidine (50 Ci/mmol). S-adenoSyN 
L-fmeihyl. H]methionine (70 Ci/mmol) and 
[^cyclic AMP (M 3 H]Hdeno*ine J'-a'-cvchc 
phosphate) (30 Ci/mmol) were from Amersham 



C<h/ CO/ C'^ X<i t C UJ OJ 43 



^il-tr.i?^^^..^ 03 ^ 3 „5? - 4 ^-4^ INIST CMRS 84/86^64 12:82 Pg : S/12 

" &004TwSTCtfKR - Tarn droits die pttspntte mi£llecini«llc ftscrvw. Reproduction, rcprrsCTittiion tl diffusion infertile* Loi du 01/07>S2. Articles 3 ,6 a 7 dcs OCV 



(I ki. ['HIMcpMimine (27 Ci/mmnl) was from 
\c« Knehtiul Ni--. Iciir Corpora lion (Boston, USAJ. 
fR>- ond (S)»-»'TiKvlhibiam!ne v*ere Undly pro- 
vuicil rn Dr. w . .^dvjnacfc (Free University, Berlin. 
FRt i). loperamide by Dr. M. Robha (Universiic 
dc Cjcn. France), dlmaprit. cimetidine and 
/olamidinc by Or. C.R. Gancllin (Smith Kline & 
I'rcni/h Lid.. L'Ki and a-OuorornethylhUtidine by 
Or. J. Kollormscli (Merck Sharp and Oohmc Re- 
<c;ireh Laboratory. Rah way. USA). Mepyramine 
provided by Specia (Pari?, France). All eh cm- 
.lmU were from Sigma (USA) excepi 1.4-p-benzo- 
qiiUHMie. puri>>. ^ridc. from Fluka AO 
(Switzerland). Organic solvents were from Proltibu 
iTr;tncc) ahd polyethylene gjyco] * iib from Touzan 
and Mctiieriun ir cancel 

2. in. Statistical <r«alyxts 

Si.iusiiol evaluation of ihc result* ws< done 
with Smdeni's v-'-rii. 



>. /. Aaron* u) .hoptramide and (R)a-mcihvl- 
hivnjninc tn ar+hruf histamine JH r and H^rccop- 

The effect of thioperamide tested nn the 
eAMP accumulation elicited by histamine, a rc- 
spf.nvc known to involve the itimuiation of both 
H r ;ind H .-receptor* in slices from guinea-pig 
hipptvampus. 

Thiopcramidc. 30 and 0.1 mM, did not 
modify *ignificantl y the concenlrdtion-response 
a.rvc for hi.uai» : -u (f,g. |). I n addition, thio- 
perum.de. 0.] mM, did not modify ihc concemra- 
iio«-rcsponic an - for the H : -receptor agonist, 
dimaprii. on the >amc model, indicating that U s 
K, «.-alue wi, s superior to 0.1 mM at thi< receptor 
■ (not *ho*-n). The specific binding of 0.6 nM 
I I l|mepyramine to H, -receptors in membranes of 
guinea-pig cerebellum was inhibited by onlv 34$ 
in presence of Ci.5 mM ihioperamidc, indicai-ng a 
K, v.,W of this compound in the miJlimolar ranee 
(mu shown). 




LOG [hjSTaMinEJ (m) 

Fig. 1, Lfiect of ihinpcraniidc un the hi* urntnc- induced >timu- 
la:icm of cyclic AMP accumulation m tlivTi from guinea-pig 
inppot.,impuir >'!jees were Incubated in ihc pretence of h'ii\a- 
mine for 15 min. When required, ihiopcrimide added 15 
crjn before. Eaeh point represent* the mta n vf w'x dctcrmina- 
liftM. Tho r^ulu are expressed is ptrccniugc a/ the manwu) 
response io hjctaminc. Tlis nic:»n biiial level <if cjvIil AMP wa* 
3 *t±0.5 priml/itt^ prnicin ond u/« rot modified by the ad- 
dition of i*.up*r«imids. The maximal value fnr hiiuroine 
juiiMul.Micn wtu 473 i 3/1^. 



The two enaniiorncrs of a-metnyihistaminc were 
found to nimulaie the accumulation of cAMP in 
the hippocampal slice* and the involvement of H r 
ind H r reccptor.c in this response was char- 
Ketcnzed. HcnCc the cAMP aeeumuUtton elicited 
by a maximal Conecntration of cither (R>. 0 r 
tS)a-derivative wai completely abolished by the 
addition of the H 3 -recepior anugoni.u. cimetidtnc 
(0.45 mM). In Addition. (R)- «nd (S)«-methyl- 
histamine increased the r&sponsc to a majtimaj 
concemraiion (0.3 mM) of dimaprii and this in- 
creaic wa« completely prevented in the presence 
of the H.-recepior antagonist mepyramine (0.1 
MM) (tafc)c 1). The effects of the two euantiomeri 
of Q-methylhistaminc were concentraiion-depen- 
dem in the absence a* well as in the presence of 
dimaprit. The maximal accumulation of cAMP 
was observed at a concentration of 3 mM for 
(R)o-meihylhistamine and 5 mM for (S)a-mcihyl- 
hisiamine when the^e were added alone io h»ppo- 
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TAULK I 

'.wolvcmcni ,>f I),. H,.,ccc pi or, in ,h c »f 
cyclic amp ,ccuwjiai,on riici<ed by fR h Jn d «)*. me ihvl- 
hK.,^nc in Mctt ,,f gui^.pig hipprompi*, Fjch v„l uc i< 
ihc mean it f.M. of ihrtc io 3U detrain*,™, j 0 * WCj J 



Mi.ii.inunc 

fO 45 mMi 

L>im.Drtri[ tt> 3 * >Mi 
Di n i -r t R . : t -mz I h yl h*u nv ne 
Wmapr : i - ( S ; i . Mi! , hyUi ma r r Jn c 
Dim.ipnt* • ..i.Tncthyl)u«ttmnc 

Otrr.uprit - , S.-vmeth;) lAjVjm,ne 
- iTiepv.ap,i.-e ['0.1 nW) 



Cyclic \MP 
fpinol/mg protein) 



2.3 .♦!).. l 
34 1 ± 19 

14. 4 > 0.6 

2.2 i 0.5 ' 

11.2 + 05 
20.6 = 2.1 c 



ihr ^fl** mP ' rcJ WM \ C0TO P^din fi nlue* obtained if 



oampa M.r-s. The maximal accumulation was 
much lov. e , for both compounds than i|,< maxi- 
mal ^imulai.on elicited by histamine r« 5 mM) in 
■ he same experiment (,Rl±5.1 pmol/mg pr0 . 



T/USLF 3 
fror>«riit> nfik. 



(Rj- and (S)o-meihylhjstarninc when added 
(boil) i mM) whippocmnpal slice* in the presence 
of dimaprii. (0.3 mM). eUdied a Mmilar maximal 
•"■•cumulation of cAMP of about 20 pmnl/me 
protein. Again, the accumulation wax much lnwer 
than that uith histamine (4.5 mM) measured in 
the same experiment ruble 1) TV inmnsic act.vj. 
«es of (R)a-methylhistamine and (S)o-methyl- 
y histamine were calculated, aiming thai half of 
ihe mammal response to histamine, measured in 
im some experiment, « u due to stimulation «f 
H.-recepwrs (Palacios et al.. 1978). The intrinsic 
acuvu, „f (R)a-methylhi.siamixie a Q d (S)*-meth. 
ylhistorrune at H r recepiors (i„ the absence of 
dimapnt) was calculated by direct comparison 
with the max,mal response to histamine, assuming 
that the two acted similarly (table 2) The EC 
values iv Cre ,] so determined (table 2 ) and were 
used to calculate potencies relative to that «f 
histamine toed on the EQ, 0 f histamine acting 
m and Hj-rrccptors (Palacios et al. 1978) 
fhc wo cnantiomcrs of a-methylhjstamine had 
Potencies a, H,- and ^-receptors and 
were about 100 i.mes less potent than histamine at 
both receptors. 

i-2. Effnif of antagonists of tf,. andl],.'***. 
ivr, on ,hc dynamics of cereal hnumin in vivo 

The depletion of endogenous histamine induced 
by a-fluoromeihylhistidine. 3 „ irwenihle L-hisu- 



curves for cycl< AMP accumulation ^ 



fcu . i 6 liippocamptu. Ths rc^lu reported in ihic ^..^ ,l • • , vutnw.jiicn *a 



•he ni.o of in, nuximjj «in.utaiion cli:i, e<J by |Ri- ,m " " '1 " «'' r «P'Or.rr.t(lin le d cfta ^ calcul,>ed ac 
H..reeer,nr.,n c ,:; slo j t , fwl w<re ealc „, 111 . d J' l '*T« BW « l M.m.li,,,^ lhc , tal by hi >larnine , • ; ^ ne 



*•<■ vi fmM] 



(k)o^Mc(nyl- 

^ith Uimaprii 



(S)a-Mcihy'. 



wuhout dimaprit 




fS)«-Mcihyl- 
hj^iAnu.ne 



0.5±().l 
1.3 



(34/i3d'04 \2\22 33 83 50 46 46 
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dine decarboxylase inhibitor (Garbar* ec aL 1980) 
in a fraction of rat cerebral cortex enriched in 
ner^c ending* was used lor evaluating drug ef- 
ferTS. , 

The efficiency of a-fluoromethylhiilidinc was 
checked in c-j.,h animal 40 min after ihc adminis- 
t ration of the histamine synthesis inhibitor (50 
m g/kg). by measuring L-hi^tidine decarboxylase 
activity. Animals that retained an enzyme activity 
superior 10 TOSr of Ihc control value were dis- 
carded (noi -hou-n). Under such conditions* the 
histamine levr! was decreased by 36!? in a-fluoro- 
meihyihiMidij'e-treaied rats (tabk 3). Simulta- 
neous treairncm with mepyrarrunc (3 mg/kg i,p.) 
and/or Aolaniidine (30 mg/kg i.p.). a brain- 
p*netr.nitng H .-receptor antagonist (Calculi el al., 
IQiRS). ij»d n. ,: modify significantly the level of 
endogenous ruturnine in a-flaoromeihylhictidine- 
l relied rats, in contra?! , ihiopcramide (3 mg/kg 
i.p.) significantly enhanced the a-fluoromcthyl- 
histidinc'induced depletion of histamine (table 3). 

Thus effect was used lo determine the £D 50 of 
tliLopcramide No effect of the H^-receptor 
antagonist wc.j observed at a dose of 0.5 mg/kg 
wherea* at 5 'tig/Kg it .decreased the endogenous 

TABLF J 

C\«r.ipun.«on of i-.ic cfTc-ais ot mcpyranrune, to! ant i din* und 
ihiopcramicle on Lhc '•*nuurumeihvlliist l di J -ir-inrfiictd depic- 
tion nf »»'surrjnr .a r.M cerebral cor lev 'l>ie tniiiKk received 
nKpyr;urjnc <2 rn^ \ t liP j and/or roiantidine <30 mg/Vg i.p.i 
nr iKiopcri.nide i> mg/U& j p.) 2J m in before a- Huory methyl • 
h:itidm« (50 mc/l ; '.p.) Jnd were Vjilcd *0 min Uier. Means ± 
S>-M. uf six in ofji( ^bli:c«. 



Tftijirr.cni 



Hifts>Tune 
(ng/3 protein) 



Saline 147-17 
•x-Fluyrwncthylhij iitiins Inne 222 > 17 v t - 
**- FluoMntcihvlKiM^dinc 

+ mcpyrarwnc 207 ± 25 4> * f - 40? \ 

ft-Ftunronirthylhi • Juv: 

- J'Ol^tidmt 2CM + 29 * N * c - All) 
o-FStororoeihy Undine 

- rnrpyrafixjnc 

* lOlanijdine 232 i 20 a,K X f - ;tf 

u-Fl yoronwhvlSiii ij inc 



T^BLE <■ 

ffec i uf ihlopemr.icle in inaciting doves on cr-flunmneihy)- 
hitudinc-induecd depletion <v Imianunc and N' -methyl hi km- 
mine in ccrcbril cortex. In a first &cn» wf evpArimenu. the r.nv 
were killed 1 h aficr siuuUiancuu* odrr.inisirauun of fr-fliicro- 
mctriylhiuidme f 20 mg/kg i.p.) and ihioperjmide (t.p ). 
Hlsi^rrune *fl.i measured m in* cnjdc i>njplo«iTT«l P, fryj- 
tion. In a Kcconti ot rKpcrirrwms. the rat< *ere kilted V) 

min after om» ndmjniMra'.inn of ihiopertmidc ;ilone. N'-Meih- 
yi:v*umin* in perchlnnc cuiricis w»( radioimmunnijuuyrd in 
iht (upcrnManu. Mpsji< -l S.E.M. of 4-30 vutoei. 





Hirnfiure in 


N'-Meihyi- 




A-nuoromcih- 


huuntinc 




vlhistidine- 


rnt/fi 




ireuicd rats 


protcui) 




Ci£/$ proidn) 




SAlinr 


459 r :o 


* 22 


o-)- lun romethyihiv'tidine 






Thin |»<;ru nude (0,5 'ii^/kg.) 


:rs - ^ 


51.^49 


Throper.irnjdc (1 f i\£/'kx) 


25$ ±30 




Tl:igperarnid£ 10 mB/kfi) 




'JS7 + S6 ' 


TKioperamid* flC mgAftl 






Tniop^f)^rlu•J= (2U mg/Ug) 


216-11 h 





u P^Ofll ^ wft\»;,rcO *ilh inline: b P < 0 0l ac compurrd 
*ith -nuomn,ciKlhi fc iid;.i tf M oft e. N k - non-sig«,rium!ly dif. 
frrcni |.o:n -vflucr^mcihylhiM-diiie alone. 



with fl»-nuoromcihylhi*iiJine alone 

histamine level by 50-60^? (table 4). i change nor 
significantly different from the maximal decrease 
(60 ± 31) found 2-4 h after treatment with a-fluo- 
romethylhiAtidine alone (not shown). These results 
indicate that the £D W of thiopemmide on this 
model is approximately 2 mg/kg. Thiopcramide 
(p.o.) was also found to increase in y dose-depen- 
dent manner ihc level of N T -methyIhisiamine. a 
major histamine metabolite, in the cerebral conex 
of rsb not creaied with a-riuoromtthylrusiidine 
(table 4). The pronounced increase in N'-mcthyl- 
hiitdniine level observed after 5 mg/kg riuopcra- 
midc was significant after jU mia and lasied at 
least 6 li before it returned to normal levels after 
16 h ffig. 2). Jn the same animals, thii effect was 
ftcuimpanicd by a mnderaic decrca^ in the 
hisumine level of ihc synaptosomal fraction, with 
the same time course (fig. 2). 

3.. I Effects oj the H r r e ccp:or agonist. (R)Q-mrthyl- 
histaminc on the dynamics of ctrehrai histamine in 
vtvo 

Following the administration oj* (R)a-methyl- 
histamine (ciiher 10 mg/kg i.p. or 30 mg/kg D .o.) 
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TrU£ ACTES iHiOFeftAMlCS (UPS) 

Pig. 2 tir.- • - nt itwjperiir.iae on hiuarmne aru) N*-irrth>l- 
haiimnc J. m mi cerebral carte* Tfcc unl^als -ere billed 
si *anftu.< t- ifier »h- or&: administration of thiopeMrr.idc 
fS m(;/V(4f »if rtieihv|c=Uulosc (eomroK). Hmiinune »*ej[ nca- 
tureJ m ipc *rudc P 3 ^napiWnjJ truciion obumcd from * 
cyric* .\'»d N'-Mcihyl'iuurnme wgj; meajurod fln a per* 
«Monr eNirart frnni *Kr o(hff naif cahcic nf «K« jjirne rui. The 
result? ire c prc^d a & percent nf control values. Cnnirnl 
olu« »ert 4.5 1 23 n^/ £ protein Tor hisisnW and 50? ±44 
flg/g, prolcr. for N'-rreihylhisuminc. Esch poini represents 
thr '«d:in^S.C,M of Sim values • P < U.Ul. 



and assuming that the plasma histamine level was 
unchanged Lhe dru£ was detectable for several 
hour* in pMsma when a radioen7.ym.itic assay was 
used. In a typical experiment. 4360 ±182 dpm/ 
plasma us>ay was round for untreated rati. After 
treatment with (Rja-mcthylhisiaminc. the dpm/ 
plasma a.-^ay wers 5551 ± 249 and 5548 ± 330 2 h 
aficr i.p. treatment end 4 h after oral treatment 
respecim:; ,, hmh values being significantly differ- 
ent from I hit from untreated rats. After parenteral 
administration of the drug the p)a*ma level de- 
cayed in N n apparently monophasic manner wuh 
an initial halUife of 22 min. After jrul adminis- 
tration, the plasma level reached a plateau from 
30 mm to 2 h. then decreased progressively and 
was still octectahle, Although low (0.16 ± 0.09 
Mfi/ml corresponding to A 1.2 concentration), 
after 6 h (lift. 3). The half-life lor this decrease 
f>4 min. 



( l H|Hi5iiimine synthesis in rat cerebral cortex 
decreased significantly in u dose-dependem 
manner 1 h after oral (R)«-methy]histomine 
whereas total ti.ssue radioactivity was not signifi- 
cantly modified (table 5). There was an about 6?% 
maximal decrease in lhe synthesis index, i.e. the 
ritiio of {*H]histamine over loud radioactivity and 
(his occurred u : ith an ED< 0 of 5.0 + 1.5 mg/kg. By 
comparison, the EO, d of the drug 1 h after i.p. 
administration was 1.5 ± 0.6 rog/kg and the maxi- 
ma! reduction in the synthesis index was 75S. 3 he 
(^HJhKiamme synthesis index was maximally de- 
pressed hetv/eeo 1 and 6 h after oral admini.mra- 
tion of 10 mg/kg (R)fl-methylhjstamine and had 
returned to control levels after 16 h (fig. 4). Simi- 
lar results were found when the drug was given i.p. 
(R)a-Meihylhistamine at the same dose (10 mg/k$ 



A 




TIME AFTER ADMINISTRATION < MRS 1 
Fig. X Dr^g i^nccmr*iion in plasma ct mis ircaied wirh 
rR)tf-,ntihylhi?Urnine. The rati were killed It vanous time* 
aficr irciimcni wiih 10 m^/kg (i.p.) or JU mgAg (oral) 
tRla-me/hylhlsiirrjinc fonly the Uii jroup was Uhlcd over- 
m 8 hI *»- PlasmA Icvclj of \he <dru^ %crc mea< ured in o rfidioen- 
ivmatic a:v»y fi^r MiiSgJa tach pofn» represent* ihc mean 
+ S.E.M. of si a to cighi value*. 
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TaBLC 5 

titled o( (Ri- rr-cihylhjsiamine in incrujing dn<c« on 
[•'M)nitijniinc in cerebri) cor tew Tt\ v jrJ/Tial/t ~erc 

given vnnou> d'«c« of tfcj<»-n«eiriylhi»t»mina orully and were 
dccip.utni 1 t. 'Mr. They rcciiveo l'H}l.-lusiidinc (250 jiCi 
m iK* UJ | vein) ;0 min her*of< being kill'd. Mu*x~5.E.M. of 
A- 1 6 Wjlue<. 



Treatment 


Total radio- 
(dpm/ 


i*ll|Hi5[.v 
mine 


l J H|Hisia- 
total r.'iOiv> 


SaJinr 




36391329 


30* j- 7 


( R ) a- Mctli virus tiwne 








3^.9 + 2. 1 


35A2±379 










I* 1 '»E/^S* 


.16.0± 2.1 


2 892 ±406 " 


7X4. B* 


rRi*vMcihv|} u *(..^ine 






HO mg/Lfcj 


31 7-1.0 


M43il*i 4 


3«± 4 ■ 








<30 mgApJ 


33.7 ±2.2 


1 W±i6* * 


3?i 6' 



p o.) decrea>M" N'-methyihisramiae levels by .?8S£ 
and ibis accompanied by an increased hista- 
mine level in the synaptosomal fraction. The per- 
cent decrease (if the N T -nieibyllusiamine level 
mi-hi be un.ltrestimated if a metabolite of 
(R)a-mcihylhi famine was formed and recognized 
by the antibodies di reeled against W-meihyl- 
histamine. Both change* were maximal at 3-6 h 
and acre not s^nificant at 1 h frig. 5). In contrast, 
Ibc ratio of" these tu 0 values was significantly 
reduced xi I >• (22$) and this index u a s reduced 
by 47<$ At 3 b ind 5] % at 6 h <% 5). The changes 
in this ratio elicited by thioperartudc (deduced 
from data of fi* 2) are reported in the same figure 
(fig. 5) for comparison. 



4. Discussion 

The present « tudy confirmed the high pharma- 
cological seleci.vity of (R)fl-meihylhisiamine and 
thioperamide toward the H r rectptor a> compared 
to the two otlvrr subclasses of cerebral histamine 
reccpuvs: at lr-ast 10* higher concentrations of 
cnhcr the ^oii-m or the antagonist were required 
ror nueraction u-iih the il r or the H,-recepiors 



which both mediate the cAlvfP response in brain 
slice* (Palacios ci aL 1978). The agonist behaved 
as a partial agonist on this model, as wejl a> on 
re<ponses mediated by H r and H : -receplors in 
peripheral tiwuas (Schunack, 1978; "Gerhard and 
Schunack, 19S0), ar\d its potency relative to that 
of histamine was about 1% whereas it is 1500? ai 
H r receptors (Arrang et aL 1987). It may be ad- 
ded that the two compounds did not inhibit 
cerebral L-histldinc decarboxylase activity at 3 
uVf and, whereas ihioperarride was inactive at 0.1 
mM on hisiarrunc-N-meihylTran.;ferase. (R)o> 
mcthyLhis:arnine wis a subsiraie (Hou&h et aJ.. 
1981). Although this property ha* allowed us to 
develop a radioeruymatic assay for the drug, its 
K„ »s 27 /iM fHough et ni„ 19R1), a concentration 




Time after (a;* -uethylhist amis£ (nnsj 

F'.g. 4. Eff ec , of (R)tf.rncihyihUiamine hi.starainc and N*. 
n»eihylhi«j«iinc levels and ( ;, UjhicTamine ny n \\im in rn 
cerebral cone*. The r.its ^ctb killed v^noui iimex after the 
oral »d*ini5traiion of ( R^o-mcthylhistttmine (10 mgy'tg) or 
mcih>| c *|JuWc (co.Mfolc). H^utmnc rr.ca 8 ur=d in \he 
crude P ? vnApiosftmal fraction obtained from one half conn 
an<J N ,T .nelhy)h.*urr\ine *-ra mcivurrd On .1 ^erchlnnc otlraci 
of die mr.*r half concx nf ih< came mi, Oiho- youp-i: of /a:* 
recc.vod (^HIUKiwidln- /250 ^Ci> in the rail >cin 10 mm 
befor* hciag killed ^ncl the pHJhiiismioe ty nihetiicd w« 
citinutcd after iwbtion. The results arc cspresicd ptrceni 
or the conlroi vjlucf. The ooni^l v A iuc« were; 360*14 ngy& 
prmcn far ^Kimi^e. 529 x 30 ng/g prrnein for N/'-mefhy). 
lutom.ne an d W77±2)7 opm/jt t, SM e for | ^HhtfWminc. 
tJch prunl rcpr&senls U'< mc»n * S.E.M. of ?-] 2 value* - P < 
004 
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- 10000-fold higher than tfcat required to activate 
H-.- receptor* and in contrast with histam.ne 
(Taylor « w Snyder. 1972). (Rjn-mcthylhisiarnine 
in a high .-onceniration does not inhibit the en- 
*ymc (unpuWIAed obicrv tit ; on ). The selectivity of 
(K)«-rneihylh>starnine is also concern with the 
• act that ... binding (in 'H-laMed form, , 0 
"rcbral membranes occurs predominantly to 
pharmjcolosicaUy characterized H ..receptor* (Ar- 
fanget a).. 1987). - 

Blockad.- of H,-r e «ptors fin agreement with 
Pollard ci ,1., 1973a, or hVraceptors alone or 
ogether fioble 3) djcj not significantly modify 
histamine turnover. „ measured by the amine 
depletion chciied hy .v-fiuorome.hylhis.idine Al- 
chough no or mdirecl aeonist of ^ 

api-c il r a.,d ^-receptors (Garbarg « al., 1978- 
Schwam e , al.. 19S6) able to cross the blood-brain 
burner « aiudabfc to fully Ies , thb hypothesis 
l U ™ utt 10 ™"««ude that the activity «f 

by long lecJ hacfc loo pi involving ,hese receptors 



fhis contrasts with the clearcui and opposite 
change* in var.mu indices of ruslaminc turnover 
' elicited by either agonitts or antagonists of H N -re- 
cepiors. 

The very marked ihinperamjde-induccd activa- 
tion of histamine turnover evidenced on various 
md.ces i.e. a-lluoromcthylhistidine-induced deple- 
non of endogenous histamine. ( J H]histamine 
synthes.s or susdy Slal{ N'.methylhis.Hminc 1evel 
suggest* that d) Hj-rocepiors regulmc selectively 
the activity of histamine neurons in x-ivo. fii) these 
receptor., are , 0 „,c:,|| y activated by endogenous 
histamine, ft is perhaps relevant thai the con- 
centration of the amine in the cerebrospinal Jlu.d 
(and therefore presumably in the extracellular fluid 
of die brain) is 0.4 M M (Khsndelwal et a! 1982) 
i.e. high enough to stimulate H,-recepiors Never- 
<hele«. the fact that < RJa-methylhiMamine elicited 
an oppos.te. alihouph generally | ess mark:d . c . 
«po«*e <n «he same indict that H ,-rcccp- 
wr» are not maximally activated by the endo-e- 
n«u am,nc. Interestingly, ,be steady state levclrf 
histamine in the nerve ending-enriched fraction 
was sorr.ev.hat modified, with a b' mi ted delay an d 
in opposite ways by the two H,-reecptor ligands 
indicating that synthesis and release are no longer 
in a compensation^ *ay co-regulated in the ab- 
sencc of normal H 3 -reccptor control. Hoaxer in 

ul^? wV he 8^linii,, the Ch3n * e in diamine 
l-vel should be .nterprctcd with some caution in 
view of the possible ^-reactivity of (Rja-meih. 
ylfustamine .n the radioenzymauc aysav. This h 
Jowevcr. unlikely because measurerccnts'were " 

whVh ,K° n / " erV< endin S- e "''ched fraction into 
wh.cn the drug .$ not likely to penetrate 

The present data indicate thai the autoreceptor. 
mediated conirol of histamine neuron ac.„„ y 
eonstuute., « major regul.tory mechanism under 
phyjiologjMl conditions. Similar observations tv err 
previously reported for ^-adrenoceptor (Anden e. 
al. 1976; Curet « al.. 1 987 ) or S-HT autoreceptor 
fHerv e , ai„ 197 j,. Bliurl1 ann and Waldmeier 1QS4- 
P«l.bone and PfWger, 1984) li gands in ' vivo 
vr,ere«s a polysynaptic feedback process seems to 
control, 3 , least partly, the activity of ojgrrwnaraJ 
dopammergjc neurons (Carlson el al. 197V, 

Both ihioperamide and (R)«.meihyiw"stamine 
appear as very useful experimental 100U w modify 
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the uu.vity oi cerebral histamine neuron*, being 
..erne oralis relatively moderate doses (i.e. in 
the io« nitt/fci; ran»«) and with a markedly long. 
l.»ting effect. This, with recent, similar observa- 
ii.ms in mice iOishi et a|.. i n press), suggests that 
tlu-.se drugs might be useful for behavioral and 
other .n vivo studies in several animal-, ipeciei. 
Nevertheless, -he long.lasting central effects- of 
iRso-mctiiyiruMamine contrast somewhat w;th its 
rather ^hori ir.tiai half-li/c in plaima i.e. 20 min 
Vote, howevs,. -hat ;b c hjf-lifc of histamine <s 
much .-.hortfr -60 s according to Halpcm et al.. 
1939|. In addiiion. it cannot be excluded that the 
limited SC n».u ;.ty of the drug assay with plasma 
fcorrejpondir:. to a miernmolar detection thrci- 
hold) does no: alio* (R)ft.mcthvlhistamin: lo be 
fleeted at a i: au e.g. 6 h, it ufjcl, i, s ac ,; vi(y a( 
H..-r Ct cpu»rs wi brain (which occurs at nanomolar 
concentration, is mill dcarcut. 

The vinot methods w C now ^sed to assess 
di..g-i..ducec! •; ranges in histamine turnover gave 
iea»nahl> cnsiMent result*. For instance, the 
FD< 0 values ol ihiopcramidc were similar whether 
Bhumcd f,o... ft.fluoroinelbylhistidinc-indiii.-ed 
Histamine deration or from the increase in the 
steady state S -nwihylhiswrnine level (table 4) In 
the an,. ^ 3 v ,h c , ime „„„ of (he effea Qf 

(R w^methylhinamine was the same when changes 

jn endogenous htstanune. N'-methyihisiamioe 
, ° r «. H|mstan ™ synthesis were measured 
\ Ho«*»er. these methods differ reeardine 

wnynvitv and esse of use. The determiner, of 
endogenous r,<tami„e i eve l in rats pretreated with 
«-nuoromeih>!ni«idine is the most tedious and 
< he- less serumve method because the possible 
el»a«8« "em rather small and it requires an ad- 
d'fonal pharmacologic*] treatment and the pre- 
Pardon of .i M.bcellulw fraction. Measurement of 

. " inel Wi '.mine by radioimmunoassay is a 
"oipte and w«i„„ c method, especially if a druc- 

£ r T' 6 ^ ' hf Cal ^0lite level is „. 
Pfued. Furthermore, the sensitivity of the lest can 
he increased by concomitant determination of 
histamine and calculation of the ratio of N"- m eth- 
ylh^n,me/ hi^amine. The measurement of 
M)h,s«am.ne jynthesii. a method developed 15 

stnMiixw meihod us drawn by Hie marked effect of 



(R)«.meihylhi.sUrnine as compared to that on 
histanu'na on N'-methy1hist.imine levels (fig. 4,. 
Various other drug treatments were reported lo 
decrease histamine turnover (Oishi et al lWf 
1986: Raha et al.. 1987) but no or non-significant 
changes m histamine and N'.mcihvlhistdmiue 
steady state levels were observed, i.e. in the ab- 
sence of (t-fluoromethylhiiiidine or pargvUne ad- 
ded to inhibit the formation or the catab'olism of 
these amines. 

Hence the present observations show that H- 
reecpidr ligands elicit very important modifi- 
cat.ons of histamine turnover as compared to any 
other drug treatment previously studied. The re- 
sults al io serve to establish the practical condi- 
i.ons for the us; of these ligands ,n behavioral and 
uiher studies. 
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NEURONAL HISTAMINE DEFICIT IN 
ALZHEIMER'S DISEASE 

P. PAKULA/5 J- RINNE,t K. KUOKKANEN/ K S. ERIKSSON,* T. SALLMEN/ 

K. KALIMOt and M. REUA*ffi 
•Department of Biology. Abo Akademi University, Artfllcfi^Uifl 6A, HW-2052fi. Tsiku, Finland 
Drpajtmcnts of TNeuralogy and {Fetology. Un/vtniiy of Turku, FIN-205zO, Turku, Finland 

Ahmet— HiAafBine ts known to he a neurouxnoniner ia the brain, but it has not been clearly hnpKcwed 
la major ri h ra&cr All histaininergic nwrooi reside fn the poMerior hypothalamus and innervate wort 
brain AJtai, which it compatible vi\h tbc concept that Wnaminc b involved In gcactal central regulatory 
mtciwTUjnii, A sensitive bigh-peiformaiioa liquid chromatographic fluQrhnetrie method whs used to 
ttmure hiBUmine cpntenu in past mcrtem Alxbtamer hraim sad agr-maichcd controls. The cellular 
storage sites end distribution of hktaminergic nerve fibers weie examined with a speci&o unmunohistct- 
chtmical method. The histamine content was significantly reduced in the hypothalamus {42& of control 
mine), hippocampus (43%) and temporal cones (53%) of Alzheimer brains. DhTerencel la other corticaJ 
area*, puamen and substantia nigra were act sipificaat, KisUmincr-cani&taing oervn fibers wm: found bi 
the hrppocunpu^ parahippocuupa) gyrus and eublculum of bath Alzheimer bralnB aod controls. Wo 
hxsumir«<ontaimofi mast cells were seen in thoe temporal stroctumL 

Histamine to the human temporal lobe is stored in nerve fiber? criminating from the poitcrior 
hypothalamus, end not in mast cells. Decrease in brain histamine msy contribute to the cognitive 
in Alzheimer's discaac directly or thraoRb the cholinergic system. Deielopmeot of drop that penstrate the 
blood-brain barrier ami iexreane histaminerjic activity might be beneficial in Alzheimer's disease. © 1997 
D3RO. Published by EJjrvicr Scirnce Lid. 

Key words-, bppocanjpui. ibbcrotaaminillary nurina, hypothalami, carbodiimidc. 



Recent studies have shown that histamine may 
regulate higher brain functions by at least two 
mechanisms. It enhances hippocaxnpaJ M-mcthyl- 
r>aspariace-rnec]iated synaptic mirrors in culturud 
hippocampal neurons, 2 - 26 an effect apparently medi- 
ated through the polyamine-bincUng site on the 
A^methyJ-c-aspartate receptor complex, 3 * and 
switches thalamic neuronal activity from rhythmic 
burst firing to single-spike activity thfough histamine 
Hi and H z receptors, thus promoting accurate trans- 
mission af thalamocortical relay neurons and 
processing of aensory inputs and cognition- 12 Thus, 
histamine mediates its effects not only through 
specific histamine H„ Hj and H 3 receptors (for recent 
review sen Refs 9 and 23), but abo through 
modulatory action* on other reccpton. 

Histamine is widely distributed in the human 
brain. 14 The oeD bodx* of histaminergic neurons lie in 
the posterior hypothalamus, where about 64,000 cells 
form a loose group in the nudetu tuberomazniUarifl. 1 
These neurons have not beta found in other areas of 
the human brain, 17 The general organization of the 
hisuffltnergic system ia similar In all vertebrates 
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studied t& far: cell bodies arc found in the tubcro- 
monuninary nucleus, 11 which prcn4de« almoit nil parts 
of tbe CNS with varicose fiber* containing histamine. 
In tbe human CNS, histamine-containinjs projections 
extend at least to different parts of the cerebral cor- 
tex" and orebdlar cortex. 1 * Other Brew of the 
hinan brain have not been studied. In Abhdrner's 
disease, neurofibrillary- tangles were found to co* 
localize with histamine in the tuberorrurii/rJIlary area? 
la the posterior hypothalamus/ and significantly 
reduced neuron numbers in the rubcromammillary 
nucleus have been reported in Alzheimer 1 ; brains, 14 

Previous atudiea on histamine in Alzheimer's 
disease report conflicting rwulu. In one rrudy, 
significant increases in hlstemine concentraliona were 
found in almost all bruin areas except for the corpus 
callomm and globu* poilidus * whereac another etudy 
reported slpaificaixt decreaaea in the frontal, temporal 
and ccripIUl cortktt and in the caudate nucleus. 11 
The purpose of this study was to analyse the poasiblc 
chan^ea ia tbe brain histamine/pc .system using a 
very sensitive high-pressure liquid chromatogrsnhical 
method and patient material in which tn* post 
mrttm storage rimes and temperatures are well 
controlled. Aa the organization of the human 
hifitamincrgic system in the temporal lobe has not 
been onaJyaed, the cellular storage rites of histamine 
In normal and Alzheimer brains were also revealed 
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Tabic 1. ChaACterinia of paiicutt &a*Iy«nd for histamine 2.5 r 



content 




Alzheimer's 




disease Control* 


Age (yesrt) 


81.6*9.5(61-95) 82J ±3.9(76-**) 


Sa(FM) 


7/2 4/1 


Port fnofiots u 


meOO 17.4 ±7.2 (6-2$) 17.6* 7 J (WO) 



Data are rrpitwd as meaniS.D.; nages aic given io 
pajenxhesea. 

using anmaDocytochfimistry. This is important, 
because brain histamine is blond in both neurons 
and miusrceflt.' 84 *** 5 

EXmLVffiNTAL FBO£XDU&£S 

Sun pits for hmaminc mcajumucou were collected Crow 
Autopsies in the Turku Central University Hospital. A 
pnrfiit for the study obtained from (be National Bcmxd 
of Medicolegal Affair*. Tte braias wot diucctcd. weighed, 
frozen ce dry ice and kept oi ~70*C. Tbe patient data ore 
shown in Table 1. For analysis the samples vert analysed 
using bigb-perfornance liquid ehromfltngfapby Buoro- 
raetry, as described earlier. 1 * On oeuropaihologitij cxaml- 
oil lift*, the Aleheaner pnu'enb shoved numerous smile 
pl*qocs and tangles En the neocortex and hippocampus. All 
patient* fulQhd the rtquirrrncrux for definite Abirimrr'a 
disease recording lo the CERAD criteria.' 1 

For immarntiistnrhnniatry, amopsy samples from fresh 
braiitt were obtained. Five oonnoi mak brains were au« 
lywed (age 64.4 ±14 year*, rangr 49-78, pott mortem time 
44i24hi came of death: cardiac infarct). Tbe two 
Afrhrimrr brain* were also from main fagn (9 and 
67 years, post nor rem tines 10.5 and 29 h; cause of death: 
pneumonia). Tbe brains were dusecied into I -on-thick iUca 
and fixed by muncniDa io 4% t-ctbyt-HVdimdbyl' 
an»tiopropyr><ajbodMmide (Sigma, St Louii, MO, U.SA) 
and IVt paraformn)d<+>jdc io 0.1 M wdium phosphate 
btSes. After extensive wa&heo ia phoifphaie-buflemi saline 
(PBS), 40^an-lhick frex-floatiag cryustMt tccboru were fif5t 
created wits VA hydrogen peroxide ia 0.01 M PBS CpH 7.4) 
Tor 30 mm to remove endogenous pcroodase. To improve 
tbe bnmosostaining the ruraforrwUdehyde was removed 
by treating tbe sections wiib 04% sodium bOTOoydride in 
PBS for 30 bud. Sections were (ben sacubaiod witb specific 
birtamiae anuserutn 11 - 10 diluted 1:10*000 in PBS con* 
taming 0.25% Triton X-1O0 for 4 h, then WH&bed 2 * 
10 min in PBS. l&munoitaccivity was visualized witb fee 
boiio-ctreptavidia method (Veet&staio Bite Kit, Vector. 
Bortinggme, CA, LT.S.A.) aaasrding to tbe iruiqufacturcr's 
iiuni u rtioci. Tbe peroxidase reaction was visualized by 
incubating tbe sections in 0,025% diuninobenzuiiac tetra- 
bydrocWoride and 0.01% bydrogm peroxide (n 0.05 M 
Tri>-HCJ buffer for 30mia, Control seetaoru were treated 
similarly* except that they acre incubated with hisuunuie 
antiserum pruadsorbed with a biitiimneHSvilbumifi 
conjugate (MOpg/mJ). No mxmunoreactjon wu seen ia 
tbeve- samples. 

RESLTLTS 

Histamine cemcsttrariens 

To control the possible effect of /wf mortem time 
on tbe histamine content samples of temporal cortex 
and hippocampus taken from norma) brain on tbe 
first pan mortem day were kept at 4'C, and the 
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Frg. 1. Hl*uma» concmUariorre in different bnin arcaj oT 
control brain* («=S) and Alzhebncr's donate brains (n=9). 
Cau, nucleus oLudatur, Pat, putatnen; Hippo, bippo- 
catapon; Teanp. temporal cortex; SNpc nbctmria mpt* 
part roropttcta; SNm.. substantia nigra, pan trKmUtt; 
Front, frontal cortex; Oedp, occrpitai cortar. 



Table 2- Hbtamisc concentrauon In tbe hypothalamus 



Alzheimer's disease (4-9) 


Controls {rr=5) 


2.13*1.55 


457±2 30» 



Values given an: mean±S.D. •/'<0.0S. 

histamine content was measured froto aliquou ulctn 
from these samples each day. A significant, nearly 
linear bat highly variable (70% to ) 0-fold during six 
d&yj in different samples) increase occurred after 
tbe first day, which called for careful control of 
pest mortem time* and condition*. 

Histamine concentrations were fignificaoxly lower 
in the bypa thalamus, hippocampus and temporal 
cortex of Alzheimer brains than in control brains 
(Fig. 1 , Table 2). The difference* m the prefrontal and 
occipital cortices, pwmen, pars compact* and pan 
reticulata of tbe substantia nigra were not significant, 
although, a tendency to reduced levels whs seen. So 
difference io the concEntratians was seen in the 
ancurus caudaru* (Fig. 1). 



Distribution ef histamine- tmrmjioreacTTw nerve fibers 

All areas of the temporal lobe contained hnrtamine- 
Inzmtmoreacrive nerve fibers in normal brains* There 
was no obvious difference ia the morphology or 
dictribution of nerve fibers between normal brain? 
and me two caacs of Alzheimer's disease (Fig. 3). 

Long varicose fibers immunnrcacriYe for histamine 
entered the hippocampus via both fimbriae and the 
pcrforaot pathway (Figs 7, 3). The density of these 
fibm in the fimbriae and subicuhun was higher than in 
other areas of the hippocampus. Scanered fibers were 
seen in hippocampol fields CAI-CA3 and in the flyms 
dcntaius* Moderately dense fibers innervated all layers 
of the porahippocampal gyrus (Fig. 3c) and csiorhinal 
cortex. No rustarnJne^mmimoreiCtivc mast cells or ca- 
pillary endothelial cells were soon in these brain areas. 
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Hiflamin* ro Abnrimrr'a discus ^£5 




Fit 2. Schematic distribution of hUtainin^imflUAn tractive nerve Shcn is AarnwJ hufn*a hippoonnjal 
•rrn. F. fimbriae; CA1-CA3. comu ammonii, area 1-3: Gt>. gyrus dentama; S. subculum: PHG, 

parafalppocftmps] gfyrui. 



DISCUSSION 

Based on our findings, nerve fibers ate the primary 
storage site of histamine in the human hippocampus 
and associated tempore] lobe structures. It appear* 
that tie hypothalamic hisuimmcrgio neurons project 
to the hippocampus both through the aubiculuni and 
fimbriae, which is in agreement with previous find- 
ings in the ret and with abundant fiber bundles 
originating from the hypothalamic histamine- 
containing oeuroos ilk human brain.' The results of 
this study show a dear decrease is histamine conora* 
trarions id the hippocampus and temporal cortex in 
Alzheimer's disease. A. similar significant difference 
was seen in the hypothalamus, where all hUtarain* 
ergic fibers originate. 117 Immunohistochemisiry was 
used to reveal the neuronal location of histamine in 
these structuits. Previous studies have shown accu- 
mulation of neurofibrillary tansies in the tuber o- 
mamiuillary nucleus and a decrease m neuron 
numbers in the same area to Alzheimer's disease.' 15 

The decline in histamine levels observed in this 
study is In agreement with one previous study, ' 1 and 
differs from that of another fitudy. 4 Lade of 
hisianrine-uronunortactive mast cells suggests that 
the observed changes occur in U» neuronal pool 
Obviously, the port mortem time and storage condi- 
tions are essential (actors that contribute to previous 
conflicting results, as a significant increase in brain 
histamine concentration occurs with increasing post 



mortem time. Post mortem times need to be earefdly 
controlled. 

Although the cholinergic syncm is commonly 
considered to be the one most severely affected in 
Alzheimer's disease, loss of dopamine, serotonin and 
noradrenaline have also been reported in a number of 
studies (for review see, e.g., Ref. 6). It is interesting 
to note that temhydroanunoacruiinc. a iion-$pcci£c 
cholincfiterase inhibitor that affects cholinergic func- 
tions'* and is found to be beneficial in Alzheimer's 
disease; 24 also increases the action potential duration 
of hisJajninergic neurons, 22 ftnd inhibits hhrtaminf 
Jv^mnthylumnsfenise 3 and may thus affect histaxnin- 
ergie transcnission in the brain. Decreased 
histaminergic input may also affect cholinergic 
activation of cortical and hippocampal neurons, as 
histamine excites cholinergic nucleus basabs neurons 8 
and itunulaiion of the tubnonumnnllary hktazms- 
ergic neurons increases hippocampal aocrykrholine 
release in rata, an effect inhibited by an H t receptor 
antagonist, pyrilaminc, 1 * The presence of a wide- 
spread bistammef flic neuronal system in the temporal 
lobe, as shown here and in other parts of the cerebral 
cortex" may also have implications in otter dis- 
orders involving cortical functions. Improvement of 
negative symptoms in schizophrenic patients has 
been reported after admins tration of histamine H 2 
receptor blockers/ and Histamine metabolites in 
the cerebrospinal fluid of some schizophrenics are 
elevated. 21 
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Fig, 3. ImmonoHitoctemlcal diaribulicm of 

«L Moderetdy dm* then la the fimbriae (a), wliuiy fen 7^^^^^^ 
CAS area (b) and ton*, roricaie fibers hi the snbiculwn (c) of Bit Akbcmw bnun iroahown. A"**- 
^Tfibcr in ihe deniate gyrt* (d), ten* vanco* film inthc 

arbo^iions of h*tami«^urt*re*rive fiben U> - the parahtppoe^pid gyrus (f) a normal brwn ean be 

wen. State ber=tfO*mi. 



CONCLUSION 

Taken togetJier, tbc results show that significant 
reductions, np to 55% in the hippocampus, arc 
found in brain neuronal histamine content in 
Abheimo's disease. It is suggested that lack of brain 
histamine may contribute to the cognitive decline in 
Alzheimer's disease. However, activation of different 
histamine receptor* may exert different modulatory 
effects on other systems. For example, extended use 



of Hj blocking agents hair been reported to delay 
the onset of Alzheimer's disease among sibling! at 
high risk.' 
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HISTAMINE 
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In a certain way. hisramincrgic systems have had a great 
although indirect, hisroricaJ importance in the development 
olneuropsychopharnucology. Jndeed. rhc discovery of bo rh 
die neuroleptic agents and the tricyclic antidepressant drug* 
;n the 1950i was derived from the clinical study of be.W 
sural aaioniof "aniihiawmines," a class of antiallergic drue< 
now designated H r , -receptor antagonists. 

Nevertheless, the hisraroinergic neuronal system in the 
"ain. although already understood by the mi'd- 1970s, ha$ 
'cmained largely unexploued in drug design. Thus, on'.y the 
raditiona! brain-penetrating H r rcceptor antagonists, usrd 
-5 over-the-counter sleeping pills, are known to interfere 
with hisuminexgi'c transfixions in the centra) nervous sys- 
em (CNS). This situation contrasts with the emergence, 
n rhe 1990s, of detailed knowledge of the svsizm that :e - 
caled that ir shves many biological and functional proper- 
les with other a/r.inergic systems overexploited in CNS 
rug; design. 

Histamine and its receptors in the brain have been the 
.ibject of rwo comprehensive reviews (1,2). Therefore, to 
mk the length of the present chapter, we have deliberately 
ccted to summarize the detailed information that can be 
>und in these reviews and have added only more recent 
formation and major references. 



HGAW2ATION OF THE HISTAMINE RG IC 
CUHONAL SYSTEM 

nr decade after the flnrt evidence by Ga/bsrg er il of an 
rending hmaminergic pathway obtained by lesions of the 
rd.al forebrain bundle (3), the exact localization of corre- 
ondmg pcrikarya in the posterior hypothalami was re- 
"led imniunohJstochemiealJy, and the distribution, mor- 
iOlogy. and connections of histamine and hutidine 
«rbox)i]aje-immuncreactive neurons were determined. 



* 1 1 h-rmecoIo tjr Mcliculsire de nN'SfRM. Crnc* * u | Broei. Psrl,-. 



Data were comprehensively reviewed (4-7), and they are 
summarized only briefly here. 

Ail known histaminergie pcrikarya constitute a continu- 
ous group cf mainly magnocellular neurone (about 2,000 
*n the rat), located in the posterior hypothalamus and collec- 
tively named :he tulmmemmilfafy nucleus (Fig.14 J) h 
can be subdivided into medial, ventral, and diffuse 
subgroups extending longitudinally from the caudaj end of 
the hypothaJamu.' to the midporcion of the third ventricle. 
A similar organization was described in humans, except his-' 
tamincrgic neurons are more numerous (approxWc)v 
6-1,0001 and occupy a larger proportion of the hypothala- 
mus (6). Bcsidef their large size (25 to 35 ujn), cuberomam- 
m.Jlary neurons are charactsnzed by few thick primary den- 
drites, with overlapping trees, displaying feu- axodendritic 
synaptic contact?. Another characteristic feature is the dose 
conract of dendrites with gjial elements in a way suggesting 
that they penecnr; rheependyma and come in dose contact 
with the cerebrospinal fluid., perhaps ro secrete or receive 
still unidentified messengers. Neuron* exposing mRNAs 
for histidint decarboxylase (EC 4.1.1.22). the enzyme re- 
sponsible for :he one-step histamine formation »r. the brain 
(2), were found by in sicu hybridiation in the tuberornam- 
millary nudeus, but not in any other brain area (9). Tubero- 
mammiJJary neuron, possess the vesicular monoamine 
transporter 1 (10), which accounts for the hista/nine-relcas- 
mg effect of reserpine (2). 

The hutamincrgic neurons arc characterized by the pres- 
ence of an unusually large variery of markers for other neu- 
rotransmitter systems: glutamic acid decarboxylase, the 
raminoburyric acid (GABAj-iyn-Ji«izing enzyme; adeno- 
sine deaminase, a cytoplasmic enzyme possibly .invoked in 
adenosine inactivation; gaianin, a peptide co-!otelizcd with 
aJJ oihermonoamir.es; (Mct'JenkephaJyl-Arg'Phe 7 , a prod- 
uct of the procnkephaJin A gene; and Other neuropeptides 
such as substance P, thyroliberin, or brain natriuretic p c p. 
tide. Tuberomammillary r.curons alsb contain monoimine 
oxidase B, an enzyme responsible for deamination of tele- 
wethyJhiswmine, 5 major histamine metzbolite in brain. 
Finally a cubpopulation of hiitamincrgic neurons is able to 
taJce up and decarboxyiatc exogenous S-hydro^ryptophan, 
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n . u' 1 ' local.Mt.on Of histaminergic porilcarya ^/o^c- 
r/«> In t w b«roma.*nm,Hary nuclei* and disposition of main rwa- 
m.nerg.c pathways (arrets) in raT brain. A: f roma< section of the 
caudal hypothalamus. 8: Saginoi section of the brain. AH an<e- 

Cer cerebellum. C,. central 9 roy: CX t cerebral cortex; DR dor„l 
r>pho nucleus; f Torn,* N.p, hippocampus; LS. latere Je piunv 
j' Z W l 1 ha,amlJ 5; MM*, medial m am miliary nucleus* 

0B - 0iUcX ° f * ^ ^ Pontine faciei; SoT nucleus 
ian, -nucleus; TMdrff. Tube^arrm.iiary nucleus diffuse pan- 
T, r ven i raI ^oeromamlllapy subgroup rocfal pan- V09 
cieuj or vert.cai l.mb of diagonal band ^w, vcnrromcdiaJ nypc 



a compound that they do no: synches;*- however (5) Dis- 
covering the functions of such a high number of putative 
^transmitters m the same nrurons remain; an excitin K chal- 
lenge. ° 

Like other monoamir.erg.c neurons, histamine.-** neu- 
rons con<r:rutc long and highly divergent system! projecting 
in a diflfuse manner to many cerebral areas (Pig. 14.1) I m - 
munorcaccive, mostly unmyelinated, varicose or r.onvari- 
ewe fibers are detected in aJmost all ccrctra] regions, partic- 
ularly limbic structures, and it *a< confirmed -Jut 
individual neurons project to widciy divergent areas. Ultra- 
structural studies suggest that these fibers mike few tvpical 
synaptic contacts (6). ' 

Fibets arising from the tuberoimmmilla/v nucleus con- 
tt.tute m-o ascending pathways: one bierally. through the 
media] forebra,n bundle, and the other periventricular),. 
Iheie rwo pathways combine in the diagonal band of Broca 
to project, mainly in in i pJ ila ( e ra J fashion, to many relence- 
phalic areas, forexijnple, J„ ji| iftixi 3nd hy . ei of |he ^ 
l>ral cortex, the most abundant projwtioni being co * c 



external hy^rs. Other major areas of terminatjon'of these 
long amending connections arc the olfactory bulb the hip- 
Foarnpus. the caudate putamen. the nucleus aceumberJr. 
rhe globus palhdus, and the amygdaloid complex. Many 
hypothalamic nuclei exhibit s very dense innervation, for 
example, the suprachiasmatic, lupnopnc. arcuate, and ven- 
tromedial nuclei. 

Finally, a long descending histami.-urgie subsystem also 
arises from di: tuberomammiilary nucleus to project to var- 
ious mesencephalic and brainstem structures such as the 
eraiud nerve nuclei (e.g., the trigeminal new nucleus), the 
central gray. ,he colliculi, the substantia nigra, the locus 
ceruleus the mesopontine tegmentum, the dorsal raphe nu- 
cleus, the cerebellum (sparse innervation), and the spinal 
ccra. r 

Several anterograde and retrograde tracing studies estab- 
lished the existence of afferent connections to the Wiramin- 
cr g)C pcrilcarya, namely, fiom the infraJimbic cone* the 
septum-diagonal band complex the preoptic region, the 
hypothalamus, and the hlppocampal area (subiculum) (7. 
11). Sleep-active GABAergic neurons in the ventrolateral 
preoptic nucleus provide a major input to the ruberomam- 
millary nucleus (12, 13). Histaminergic neurons also receive 
v;ry dense oroon .nnervation originating from the lateral 
hypotnalamus U4). Eleccrophysiolog.c studies provided evi- 
dence of .nh.b.toiy and otcitatory synaptic control of ruber- 
omimm.Uary neuron activity by ^ercno from the diaeonal 
band or Broca the laterJ preoptic if ea and the anterior 
lararal hypoinaJamic at« (15). Projections from the brain- 
Stem to -Jie luberomamm illary nucleus hav C also been dem- 
onstrated. Retrograde tracing studies combined with immu- 
norustochcimstry showed that monosminergic inputs to the 
tuoeromammilJary nucleus originate mainly from the ven- 
trohteraJ and dorsomedial medulla oblongata and from the 
raphe nuclei, with a low innervation originating from the 
locu: ceruleus. the ventrd tegmental area, and the substantia • 
nigra (16). 

MOLECULAR PHARMACOLOGY AND 
LOCALIZATION OF HISTAMINE RECEPTOR 
SUBTYPES sriUH 

Three histamine receptor subtypes (H„ H 2 and H 3 ) have 
been defined by means 0 f functional assays, followed by 
design of selective agonists and antagonists and. more re- 
cently, don.n| of their g ina (I). All tluee belong to the 
superfamdy of teceptors with seven transmembrane do- 
mains (TMs and coupled to guanylnudeotide-sensitive G 
proteins (Table 14.1). Jn addition, histamine affects (he 
glutamatirgic /V-methyl-o-atprtate (N'MDA) receptor (17. 

Histamine Hi Receptor 

The H, receptor was init.ally defined in njnaional assavs 
(e.g., smooth mu4cle contraction) and in the design of po- 
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Coding ^qvj&nce 



K 

^91 a.a. ibovmc) 
*38 a.a. (guinea pig) 

m 6.3, (rat} 



356 3 a. (rat) 
359 a.a. (<Jog. human, 
guinea pig) 



Cnromosome 

localization 

Highest brain 
.- derbies 

Autorccepior 
Affin.-ty *©r 

histamine 
Characteristic 

agonists 
Oiara?teristic 

antagonists 
Radioligands 

Second 
TLCi'.engerj 



3p25 

Thais rnu£ 
Cereoellwm 
Hippocampi 
No 

2-(3-T r ;f)uorcmethyO 
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cepror confining m an ago Windcpendent Incituc in mo- 
sirol phosphates accumulation in COS-7 ceils w« evi- 
denced. Several H r tecepcor antagonists behaved as inverse 
agonises (i e., reduced this constitutive activity), but the 
physiologic relevance of che process, Such « in brain, was 
nor established (25) 

The Hi receptor mediates various excitatory responses 
in brain (26). A reduction of a background leakage K 1 " 
currenrwas implicated in rhesc responses, in cortical, stria- 
tal, and lateral geniculate relay neurons (27,28). 

H r recepcor distribution in the guinea pig brain was es- 
tablished autoradiographic^ using [ 3 H]mcpvrami n e or 
the more sensitive pfobe.[ l ^ljiodoboipyraminc (20), and 
the information was complemented by in situ hvbridlxacion 
of the mRNA (22). For instance, the high density of H, 
receptors in the molecular layers of cerebellum and hippo- 
campus seems ro correspond to dendrite; of Purkinjc and 
pyramidal cells, rcrpectivcly, in which the mRNA is highly 
expressed. H, receptors are also abundant in guinea pig 
thalamus, hypothalamic nuclei (e.g.. ventromedial nuclei.)" 
nucleus accurnbens. amygdaloid nuclei, and fror.ral cortex 
but not in neostriatum (20), whereas rhcy are more abun- 
dant in the human neostriatum (29), The H, receptor was 
visualized in the primate and human brain in Uvo by posi- 
tron emission tonography using [''Cjmepyramine [30). 

Blockade of H, receptors located In cerebral areas in- 
volved in wakefulness and cognition, and including those 
mediating excitation of rhalamic relay neurons (31), nco- 
corcicaJ pyramid^ neurons (28) and ascending cholinergic 
neurons (32,33). presumably account for the sedative prop- 
erties of "antihistamines" of rhe first generation. 



Histamine H a Receptor 

The molecular properties of the H 2 recepcor remained 
laxgely unknown for 3 long time. Reversible labeling of the 
H 2 receptor was achieved using [ J H]cioridine or, more relia- 
bly, ( Ijiodoaminopotentidinc (2). 

By screening cDNA or genomic libraries with homolo- 
gous probes, the incronless gene encoding che H 3 receptor 
wai first identified in dogs (34) and. subsequently, in other 
species including humans (1). The H 2 receptor is organized 
like other receptor* positively coupled to adenylyl cyclase: 
it displays a short third intracellular loop and a long C- 
terminal cytoplasmic tail, 

Using irarufecred cell lines, positive linkage of rhe H 2 
receptor with ader.yly] cyclase was confirmed, ;nd unex- 
pected inhibition of arachidonare release and stimulation 
of O 1 cransienrs was evidenced (I). Hence H, receptor 
stimulation can trigger intracellular signals cirh&r oppose 
orsim.larto those evoked byH, receptor stimulation, ParaJ- 
Id observations were made for a variety of bidogicaj re- 
sponses mediated by the cw 0 receptor in peripheral tissues. 
Helmut Haas and colleagues showed that, in hippoeanv 



paJ pyramidal neurons, H r recepror stimulation potentiates 
excitatory signals by decreasing a Ca 3 *-a«ivaicd K*' con- 
ductance, presumably by cAMP production (26). H r recep- 
toraenvauon depolarizes thalamic rciav neurons slightlv and 
merges apparent membrane conductance markedly, re- 
sponses caused by enhancement of the hyperpola/iarion- 
acriwed cation current I, (27). In addition to these short- 
lasting effects, histamine also induces v c rv long-lasring in- 
creases in excitability in che CAl region of the hippocampus 
tnrough act.vat.on of H, receptors and rhe cAMP/cAMP- 
dependent protein kinase signal transduction cascade. This 
process is modulated by other receptors such as the H, re- 
ceptor (35). 

The sole selective Hj-recepror antagonist known to enter 
che brain is zolantidme, a compound used sometimes in 
animal behavioral studies but not introduced in therapeutics 
(36). However, some tricyclic *ntidepressints are known 
to block H 2 .receptor-iinked adenylyl cyclase potently and 
interact wirh f 35 I]iodoami ri oporcncidine binding in a com- 
plex manner (37). 

Autoradiographic localization of rhe H 2 receptor in 
guinea pig (20) and human brain (29) shows'it distributed 
hetcrogencously. The K 2 receptor is found in most areas 
of the cerebral cortex, wich the highest density in the superfi- 
cial layers, the piriform, and the occipical "cortices, which 
contain low H r rccepror density. The caudate pucamcn, the 
ventral striatal complex, and the amygdaloid nuclei (bed 
nucleus of rhe wria terminal is) are among the richest brain 
areas. In the hippocampal formation, the relative localiza- 
:ions of the Hj receptor and irs gene transcripts are similar 
co chose obscrv;d for the H, recepror: the gene transcripts 
are expressed in all pyramidal cells of the Amnion horn and 
m granule cells of the dentate gyrus (38), whereas the H> 
receptor is expressed in the molecular layers of these ar« 4 " 
v%hich contain the dendritic trees of the mRNA-comaining 
neurons. The partial overlap wirh the H, receptor may ac- 
count for their synergistic interaction in cAMP accumula- 
tion. 



Histamine H 3 Receptor 

The H 3 recepcor was initially detected as an autoreceptor 
controlling histamine synthesis and release in brain. There- 
after, it was fhown to inhibit presynapticaJly che release of 
other monoamines in brain and peripheral tissues as well 
zs of neuropeptides from unmyelinated C fibers (39,40). 

Reversible labeling of this receptor was first achieved 
using che highly selective agonist [ 3 H](R)Q.methylhista- 
mine (2). then (^HJN^msihylhiitamme. a less selective ag- 
on iSc. was also proposed (1 9}, as well as, more recently, 
(' Jj.odophenpropic and [ l25 I]iodopro*vtari. nvo antago- 
nists (41). ' & 

The regulation of agonist binding by guanylnuckocidcs 
(39), and the sensitivity 0 f several H r receptor-mediated 
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ii •r^'wrt '0 pertussis toxin (42,43), suggested rhar the H 3 
m n jvor wai G,/G a protein coupled, a suggestion confirmed 
" l*> »lu* cloning of the corresponding human M*) and rodent 
M5) cDNAs. The Hi receptor gene contains cwo imron* 

• in irx coding sequence and several ipJice variant such as 
W,i. and H 35 differing by a strcrch of 30 amino acids in 
flu* third intracellular loop, were identified (45). The ocis- 

..' inuv of these variants may partly account for rhe apparent 
."JU-receptor hcrerogeneiry in binding or functional studies 

* f4«. 

Significant differences in the pharmacology of the 
human and rodent H 3 receptor (47) could be assigned to 
iliflcrcnces in only too amino acid residues in the third TM 
Jn various cell lines, stimulation of the H 3 receptor, 
.'like that of other G;-protcin-coupled receptors, inhib.es 
r adenylate cychit (44) or phospholipid C (42) and activate? 
v ; phospholipasc A 2 (48a). 

On neurons, the Hj receptor mediates presynaptic inhi- 
hmons of release of several neurotransmitters, including his- 
I i»i«inc itself (2,3?), norepinephrine; serotonin, dopamine, 
C; plutamau, GABA, and tachykinins (40} , presumably by in- 
hihiring voitage-dependtm: caJcium channels (39,43). 

Several Hj-rcceptor antagonists, such as chioperamide 
and ciproxifan, potently enhance histamine release m virrv 
£■ And in vivo (2,39,49) .This response was originally attribuced 
in Mockade of the inhibitory effects cf endogenous hista- 
mine and was therefore vised in many studies, such as behav- 
ioral studies, to delineate the functions of hirtaminereic 
neurons. However, zhzsc. drugs were shown to arc. in fact, 
Mi inverse agonists, and the native H 3 receptor in bram dis- 
ploy high consiiru-.rve activjry including in vivo (4fa). 

Autoradiography of nc H 3 receptor lr. rat (50,51) and 
monkey brain shows it highly concentrated in the ncosiria- 
V hiih, rhe nucleus accumbens, the cingulate and infraJimbic 
5 cortices, the bed nucleus of the stria terminal, and the 
i M.bsiantia nigra pars lateralis. Jn contrast, m density is reia- 
\ lively low in the hypothalamus (including the tubcromam- 
£ miliary nucleus), u-hich conuins the highest density of bista- 
fcniinergic axons (and periitarya), a finding indicating that 
j^nost H 3 receptors are nor autorcccptors. Jn agreement with 
Tihii concept, intrastriarsJ kainate strongly decrease H 3 
pmding sites in the forebrain (as well as m the substantia 
WW*f consistent v^ich their presence in srriatonigra! neu- 
*»ns) (50,51 ). In the human brain, the high densities of H s 
- prors found in the striatum and globus paJiidus (29) 
c lower in patients with Huntington disease, a finding 
.WKgesiing that che H 3 receptor is also located on strisroni- 
tsI projection neuron? of rhe direct and indirect pathways 
>2). Consisrem with che proposal thai most H 3 receptors 
- nor autorcceptors, a wrong expression of H 3 -rccepror 
-NAs observed not only within the ruberom.immil* 
Ity. nucleus, but also in various regions of the rat (44) and 
"■ x -«a pig .(45) brain, including :he cercbraJ cortex, che 
il- ganglia; arid che thalamus. 



Interaction with NMDA Receptors 

Histam.ne porenrisres NMDA-evoked currents jo acutely 
dissociated and cultured hippocampi! and corricaJ neurons, 
an effect that could not be ascribed ro arivirion of the 
known histamme receptors (17.18). but nther of a novel 
recognition sice on NMDA receptors containing the sub- 
units NR1A/NR2B (53). 

Histamine may play a role in modulating the functions of 
NMDA receptors in wW, It facilitates ihc NMDA-induced 
depolarization of projection neurons in corticaJ slices (54) 
and phase shifts the circadian dock by a direct potentiation 
of NMDA currents in rhe supraehiasmaric nucleus (55). 
Histamine, presumably acting through NMDA receptor 
facilitates the induction of long-term potentiation and 
causes long-lasting increases of excitability in the CA1 re- 
gion of rat hjppoamp2l slices (35). 

The hiitaminc-induccd modulation of NMDA responses 
is higher under lightly acidic conditions (56).. which occur 
dunng hypoxia cr epileptiform acriviry. This may lead to 
enhancement of neurotransmission or histamine-mediatcd 
neuronaJ death such as ;hat observed in a rat model of Wer- 
nicke encephaJ apathy (57). 



HI5TAMINERGIC NEURON ACTIVITY AND 
THEIR CONTROL 

Electrophysiologic Properties 

Corticaliy projecting histsminergie neurons share with other 
aminergic neurons certain electrophysiologic properties evi- 
denced by extracellular recording. They fire spontaneously 
slowly and regularly, and their action potentials are of long 
duration (26). Among the pacing events that may contribute 
to their spontaneous firing. tuberomammiJJary neurons e^c- 
hibit^tetrodoroxin-sensirive persistent Na* current (58), 
a Ca^** current probably of the low- threshold type (59), 
and multiple h^b-vohage-accivated Ca 2 " current s"(43). In 
addidon, ihey exhibit in^rd rectification attributed to an 
I fc current that m^y increase whole-cell condcaance and 
may decrease the efficacy of synaptic inpurs during periods 
of prolonged hypcrpohriiation , char is, when hisraminergic 
neurons faJI silent (60). 



Modulation of Histamine Synthesis ond 
Release In l//fro 

The auroreceptor-regulatcd moduJauon of histamine syn- 
thesis jn, and release from, brain neurons is w e IJ docu- 
mented (2). Jt was initially evidenced in brain slices or syn- 
apiosomes after labeling the endogenous pool of hbia/nine 
using the [-Hjhinamine precursor. Exogenous histamine 
decreases the /elease ond formation of f J H J histamine in- 
duced by depolarization , and analysis of these responses Jed 
to ihc pharmacologic definition ofHj receptors. The auto- 
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regulation was found ,„ various bra,n reeions kno»-n to 
corua.n histamine nerve e „di n gs, a find, ^suggesting chat 
a]] tctm.nals are endowed with H , autoreceptors 

Regulation of hUtamine syndesis njso observed in 
the posters hypothalami (39). and somatodendritic H 3 
aurorecepto,s Jn h, 0 ,r the firing of fubrron-.ammiJIary r,eu- 

6*** a putative .^transmitter of a subpopulacion of 
h.stammerg.c neurons. regulates histamine release onJy in 
r^om known to contain efferent, of this sobpopuloricn, 
d« «. ^ hypothalamus and hippocampus but nolin cert- 

hyp rpoJ.r«, and decree, the firing *« of ruberomam- 
rn.llary neu , onl (26). It ,s no( known, however, whether 
these gahn.n receptors behave 3S -juroreccptors" modular- 
■ng galan.r, .release from histamincrgic nerve terminals, inas- 
much „ the tuberomammillary nuaeus receives , „ f0n( , 
a /an.ncrg.c enervation from the v tn trol atcral preoptic area 
J2.13). Other putaove cotra mm i tu .- s of his U miner* c 
neuron., fa, led to a/Tecr [^histamine reUase frornT^o' 
»t cercoraJ cortex (62). Howler. CABAergic inhibitory 
postsynaptic potentials arc mediated by GABA A receptors 
located on hmammergic neurons (63). To what extent these 
receptors play an autoinh.bitory role is unclear. A .^popu- 
lation of histam.nergie neurons contains GABA (5), but the 
tuberomamm.llary nucleus alto receives dense GABA-reic 
innervation 02.13,15). o^-tgic 

f'HJHiitamir.c synthesis and release ar« inhibited in var- 
ious bra.n regions by stimulation of nor only aurorcccocor, 
bur also adrenergic recepro/s, Mi -muscarinic receptor* 

isf Iw A ''T 10 " (2) - B£ " US£ th " c "eubtion, are 
also observed w,di synaptosomes 162). all lkae receptor. 

presumably represent true presynaptic heterweceptors. In 
contrast, histamine rdease u enhanced bv stimulation of 
n,eot.n.e receptors i„ „t hypothalamus IC4) ar.d by M-opi- 
oid receptou in mouse cerebri cortex (2). 

Some molecular mechanisms regulating neuronal hista- 
mine dynam.es remain unclear. .V.m e ,hyl„ion canlyaed by 
n.inm.ne /V-me:hy!transferase is the major process respon- 
s.ble for termination of histamine actons in the brain % 
and genetic polymorphisms for the emyme nave been lo- 
cated with altered levels of its activity (65). No histamine 
transporter could be evidenced, and direct feedback inhibi- 
t.on of hisndine decarboxylase by hisraminc ha: been ex- 
eluded [2). 



Changes in Histaminergic Neuron 
Activity In Vivo 

Both neurochemical and electrophysiologic „„di« indicate 
rtur Che accvity of histaminergic neuron,- is high during 
arousaj. In ,„ hypothalamus. Histamine level, 4re , J 
"hcrras synthesis is high during the dark period, a finding 
-uggcsr.ng that neuronal aciviry i s enhjl , c<sl l1ur ; lh * 



«nv e P h a5 c (2) In mouse cerebral cortex, striatum and 
hypothalamus telem e th y lhis t am,ne lev £ l s Kt do^b edVthe 
end of the da* p ha ie of the cycle as compared !, ! 
b^ing of the light phase (66). His^rl^om 
he anterior hypothalamus of freely m 0 v,ng rats, evajj ° d 
half'of V Z™ OCl ^ fMr -rease! in the second 

, • Z H P T d 3nd " n>itinin * « a level 
d r„ g the active phaJ e (67). S.ch s«re-, e l„ed changes are 
he .found ,n s.ng e-unic extracellular recording performed 

-at,. Neurons w,th p.operties consistent with those of hista? 

r2 c f a n ,n;r j . e ^ ited v ifadi3n rh ^ hm ° f t 

sleep P ) A ' dunn 8-d«P »lovM.av. or paradoxical 

Snhf ' n,P ° ,M | ! dere ""^^ °( «his circadian 
s rCABA "t ro ^" ,l,aiy ^""-Tic neuron activity 
? 6 ' nn 'b.rory pathway originating in the ven- 
trolateral preopnc area and acriv lted during sleep (12.1 

A fceding-.nd.ccd increase i„ theacrivir/of hSarnine--' 
gl , neurons has also been shown bymicrod.ah™ performed 
»n the hypothalamus of conscious rats (68). Hisraminergie 

enhancement of h,mmme turnover was observed ^ 
n r^erebroventticular infusion of leptin (70). Qunges in 

£er o-clu° o " Ft fC,e r, ° f hi$t8,nine 3bsefved * ™ 
fter o clu ,on of the m.dd e cerebral artery in rats suggest 

^ h ( 7 ;r ,ntrg,£ aet,v,,y is ^ 

V o]^ Cr T-K H ' , H2 reCip ' 0n " £ 'PI"""''/ ««t in- 
■vohed. ,nbib.non mednreo by the Hj-auiorecrptor consti- 
™«s - major regulatory mechanism for histam.nergic n eu - 
on CI1Vlty der physioIogjc cond . fjcnj Adm . n 8 rfj 

of .elective Hj re:epcor agon.sts reduces histamine turnover 
U, and relea.e, as shown bv microdialysis (72). In contrast, 
Hy receptor antagonists enhance histamine turnover (2/9) 
and release ,„ vm (73.74). a finding suggesting th« au o 
teceptc.-j are ton.cally aa.vated. 

Agents inhibiting histamine release ,» vi» e through srinv 
uhciojj or presynaptic a^adrenerg.c or museariniAerero- 
re.ep.ors reduce h.sta/n.ne release and h ,rnov» A, ^. but 
system* administration of antagonists of these receptors 
docs not enhance h. St arr.,ne turnover. a fading ium mnfL 
tnar these Seteroreccptors ar: nor torticaliy act.vaJunS 

m n turnover ( 75) Several types of serotonergic receptors 
ye hke.y to modulate histamine neuron activity. 5 -h1 

Sa73 HT i ^ HT) — '«o»»« inhibu (76 . 
furea, i-HT,- receptor antagonist, enhance (77), hista- 

Itnotn 0 ^' 0 V3f ' 0U1 bf3in fCgi0nJ - S < irn ^ »f D2 
b t not D3) dopam.nc receptors by endogenous dopamine 
U^dby amphetamme increases histamine 

Histamine turnover in the brain rapidly reduced after 

J -etrahydrocannabinol. barbiturates, and bcn.odiaze- I 
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f ' ■-'». presumably as a result i » (" ch n r infraction with 

» -Ah i i wc-prorfi present on nerve cnrimgj and on perikarya 
• .I Km.iniinergic neurons (63,70). 

I !■ .'Miiratt, stimulation of p.-orioirf receptors enhances 
Ih»i.,im.ik: turnover in bmn (2). NMDA receptor increase 
"* ■■*/■•' u lease of histamine from ilic anterior hypothalamus 
Ihni Aci ivarion of NjMDA and non-NMDA ;cccprors in 
il.r .li.i^nnai band cf Brocs, rhe Liters] preoptic area, and 
ihr -uu rinr hypothalamic area led rc inhibition or enhance- 
in. u. of iVmg rates of tuberomammiJliry neurons (15). 



PHYSIOLOGIC ROLES OF HI$TAMINERG*C 
NEURONS 

In >|>'nt of many diffsrent suggestions mainly derived from 
ili.' i-hvirvarions of responses to locally HppH-d histamine, 
.mil .i Uw physiologic roles of histamincrgjc neurons appear 
1,-t.imvlv veil documented. 



Arousal 

' on- mirinJ proposal in 1977 [81) that histammcrgic neu- 
t-Mv |>l;iy a critical role in arousal nas occn confirmed by 
il.fci fiom a variety of experiment.'; mainly performed by 
I -in J Jouvef in cms (33) and Monti in racj (2). In agree- 
mrm vvich this concept, ablation of there neurons and inhJ- 
l"nm» of histamine synrhesis, release, ur action by the H\ 
iivcptor decrease wakefulness and increase deep slow-wave 
Wjvp; conversely, inhibition of histamine mcthyiarjon of 
ilit.nion of histamine release by H 3 receptor blockade 
Mu*tv;i.<e arousal Wl. 

I he arousing eftect of histamine may result from Hj 
.hi. I M weceptor-mcdined depolarization of thalamic relay 
in iiiuiis that induces a shift of their aciiviry from butst 
iinnH (predominating in deep sleep during which they are 
pm>riy responsive to sensory inpurs) cc single spike scrivjry 
ipt t ,lttoiina(ing in arousal during which sensory informa- 
?■ i ti. m i* more faithfully relayed) (31). Arcusa! may also result 
h.uii H -receptor-mediated excitation of ncocortical pyra- 
ihmI.iI neurons by the same mechanism as in thalamus, that 
fv u'.lncfion of a background leakage potassium current 
L\N1 1-inalJy, arousal mzy occur indirectly by H r rccep- 
h.i mediated excitation of ascending cholinergic neurons 
viiliin rhe nucleus basilis or mesopontine tegmenrum (32, 
.i.D. uhich also indices cortical activation. 
.\ All rhcic cellular actions of histamine, together with ob- 
km-.ii urn* [hat cubero mam miliary neuron firing is maxima] 
ltm if i^i wakefulness, suggest chat histsmir.ergic systems 
|;-. innki ;in important contribution ro the control of arousaJ. 
£ ' Tin- Orcadian changes in hisraminergic neuron activity seem 
Jj^lo lv Jirccxed by rwo major neuronal inpucs arising from 
J^ ilir :iiucrior hypothalamus. The first ones are slow.wavc 
gr**)i « |>..u reared inhibitor)* GABA- and galani.vconraining 
|T^jN-iMoii*: arising from the ventrolateral preoptic area (12,13); 




in cnmo.Nt, neurons rcJe.iring the neuropeptide orexin thni 
emanate from the [aieril hypothalamus appear to exert op. 
pO:irc anions because disruption of the orexin gene is aasoci- 
nicd with narcolepsy in dogs and knockout mice 0<,32j. 
Other monoamincrgic neurons participating in control nf 
sleep and wakefulness sratcs as well a* GABA'galrtnin v C n. 
trolatcral preoptic neurons also receive input; From orexin 
neurons, which are, themselves, likely influenced by photic 
sjgnals from the suprochiasmatic nucleus. In turn, neurons 
from the suprachiasmatic nucleus and chc preoptic area 
seem to be influenced in a complex manner by hisraminergic 
Inputs (83,84). Hence a complex neuronal nerwork in the 
hypothalamus with reciprocal influences involving hisra- 
minergic neurons seems to control wakefulness. 

The major part played by the Hi receptor in these pro- 
cesses, confirmed m mutant mice Jacking this receptor (55), 
accounts for the <edaring effects of the First generation of 
"antihistamines," that is, antagonists that easily enter the 
brain and ire £ c I J I ingredient: of over-the-counter sleeping 
piJis (36). !t may also account for the sedative side effects 
of many antipsychotic or antidepressant drugs that are po- 
tent H; snragoniccs. 

Cognitive Functions 

The idea rhit histaminergic neurons may improve cognitive 
performance is consistent with projections of these neurons 
ro bram areas such as the prefrontaJ and cingulatc cortices or 
hippocampus, their excitatory influences therein, and their 
positive role in wakeful oe;s. 

Ciproxilan, a potent and selective H$-rcccptor anugonisr 
(or inverse sgonist), which strongly enhances histamine 
turnover in train, improved attention^ performances in the 
rsr rlve-choice test under conditions similar to chose of drugs 
enhancing cholinergic transmissions (49). Various an- 
tagonist facilitate various forms of learning. They improve 
short-term social memory in rats (57), reverse the scopolam- 
ine- or senescence-induced learning deficit in a passive 
avoidance rest in mice (88), and facilitate retention in a 
footshock avoidance test in mice (69) 

Generally, H 3 agonists exen opposite effects, and the 
effects of Hj-antagcnisTs are reversed by Hi antagonists, a 
finding that iuggens thar these zftecu are attriburablc ro 
enhanced histamine release. In contrast to the large body 
of experiments ir.dic'iting a "procognitlve" role of rubero- 
mammillary neurons, Huston and coworkers repeatedly 
showed that excitotoxjc lesions aimed at these neurons abla- 
tion result in improvement of learning in a variety of tests 
(e.g., rcf. 90). The discrepancy with data from pharmaco- 
logic approaches may result from the difficulty to achieve 
selective histamine neuron ablation. 

Control of Pituitary Hormone Secretion 

Histamine zffzas secretion of sevcraJ pituitary hormones 



(2,91). Monocellular neurons of the supraoptic and pars- 
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venrncaJ nude, arc typically excited, an essential H r rc- 
cepror-meduted response resulting in enhanced- blood Jev. 
eb of vasopressin and oxytocin. Histamine neurons arc 
aorvaced during aehydrarion. parturition, and iteration, 
and hb-ranune release onco monocellular neurons pv:ici- 
paces in rhe control of the,-, physiologic proc««s by the 
neuronypopnysiaJ hormones (92,93). 

Histaminergic neurons may aJso parciciparc in rhi hor- 
monai responses to stress. In agreement wirh chis concepc 
they arc aamtrd during variom forms of stress and heavily 
project ro hypothalamic or limbic brain areas (eg the 
amygdala or bed nucleus of ihc icria terminal*) involved 
m these responses. Various pharmacologic studies have 
shown the parciapauon of endogenous histamine bv H,- 
and H r receptor stimulation in che adrenocorticotropic hor- 
mone-corncosrerone, prolactin, or renin responses ro 
stressful stimuli such as restraint, endotoxin, or dehydration 
(94). Many hiscaminergic neurons contain estrogen recep- 
tors, project to lureinizing hormone-releiuir/hormone 
neurons in preoptic and infundibular region*, and may con- 
suture, by H, -receptor stimulation, an importer relay in 
:he estradioJ-induced preovulatory luteinizing hormone 
surge (95). 



Satiation 

Weight gain is often experienced by pacienis receiving Hj 
antihistamine* as well aj by patients raking antipsychotics 
or ancdcprwnnu displaying pocenr H.-rcceocor antagonist 
properties These effects reflecc che inhibitory' role of exog- 
enous histamine on food intake mediated by the H, recep- 
tor, namely, on che ventromedial nucleus (97). Hijeamine 
neurons projecting to rhe hypo:halamus may be responsible 
for the food intake suppression induced by leptin (70). 

Seizures 

The anticonvulsant properties of endogenous histamine 
were initially suggested from the occurrence of seizures in 
parienrs with epilepsy, particularly children, ?Acr adminis- 
tration of high dosei of H,-rcceptor antagonists cros^ng 
che blood-brain barrier, even those agents devoid of anti- 
cholinergic activity (860. These drugs. "by completely occu- 
pying the Hi receptor as messed by posicron emission ro- 
mograpny studies (30), could block the hiscamine-induced 
reduction of a background-leakage current. 

Drug-induced changes in histamine synthesis, release or 
metabolism confirmed the role of the endogenous amine 
acring through the H : receptor in preventing seizure accivitv 
elicited by penretrazol, transcranial eJectrical stimulation, or 
amygdaloid kindling . Acquired amygdaloid kindling sus- 
cept.bility appears associated wi c h reduced histamine jyn- ' 
chais in limbic brain area* (97) An addition, binic acid-in- 
duced limbic seizures are accompanied by up-rcgubtion of 
the H r receptor mJLVA in striatum and dentate gyrus, a 



in 



Nociception 

The antinociceptive effects of histidine load,. H,-,ecepror 
«"fiOn««. »nd histamine Mmethyltransfcrase inhibitors. 

well « oppo*K effects of histamine synthesis inhibitor, or 
H3 agents. Ilipport Ae lin Ak bra;n h . stiffl . ne . 

noc.ccpnve responses such as the mouse hot place jump 
(99). In contra*, per.phenily acting Hj^ceptor lg oni s « 
present nociceptive responses !uch M m0Ufe ibd l mifal 
con«rie:ion by inhibiting sensory C-F.ber activity (100). 

ROLE OF HISTAMINERGIC NEURONS IN 
NEUROPSYCHIATRY DISEASES 

Among the various approaches that tend ,o establish ch- 
irnplicanon of other neuronal systems in neuropsychiatry 
diseases, so far only a few have been applied to histamine 

Histamine. Schizophrenia, and 
Antipsychotic Drug Actions 

Overdo." of various clastic H, antagonists wa, repeatedly 
reported to result in toxic psychoses with hallucinations re- 
sembling icnuophienij. and the hallucinogenic potential of 
cWdrogs has even led to abuse (8(5). Conversely, msrtajn- 
pheum.ne, a drug with hallucinogenic potential ind to 
which pac.ents w,th schizophrenia seem hypcrresponsive. 
release* h.stamine in rodent brain areas, an indirect effect 
meciated by stimulation of D2 and not D5 dopamine re- 
ceptors (77,78). Even more, endogenous dopamine appears 
:o exerr a tonic stimulation of histamine neurons because 
typical neuroleptics, such as haloperidol, decrease their ac- 
tivity. In contrast, atypical neuroleptics, such as clozapine, 
enhance histamine turnover, an effect related to 5-HTj re- 
ceptor blockade End possibly underlying their procognirive 
properties (77). The locomotor activation elicited in rodents 
3y amphetamine ar.d other dopaminergic agonists is attenu- 
ated by Hweceptor blockade (101). Repeated amphet- 
amine administration to rodents that results in behavioral 
sensitization to dopamine agonists, a cardinal feature of 
schizophrenia, is accompanied by enhanced histamine «- 
lease, a finding that presumably reflects an enhanced tonic 
dopaminergic influence on hiscaminergic neurons (77,78). 
In one comprehensive study, an enhanced level of .•■nwchyl- 
histamir.e; the ma/or histamine metabolite, wa detected in 
the cereorospin*l fluid of p-tients with schizophrenia, who 

002) CllhCr trCatCd ° r untrMtcd ^ nzHrole P^ aB £n " 
In several open studies, famotidine, an H : antagonist, 
was found ro improve schizophrenia in patients. a finding 
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» It:* i unnins to be confirmed in control studkv A pu^ious 
.l.H!n • association between polymorphisms the Hye- 
rr|»i..r tciic and ichhophrcnia could t;t>t In c>;ifirmcd 

I hoc various observations, although not readily forming 
< ulu-ivni picrure, suggest thai fiisrum/ncrc'C neuron activ- 
• uy i> enhanced in patients with schiiophrenis, nod blockade 
: ii>l H v or H5 receptors could be u.'fiful in the treatment of 
disuse. 



Histamine and Alzheimer's Disease 

.Nrtirupaihologic-sTudies have documenred a deceit in hisca- 
'•iliintrgic neurotransmission in Ahheimer's disease. In some. 
Inn noi all, cortical areas (e.g., the frcr.caJ or temporal cor- 
Ick) of brains affected by Alzheimer's disease, There is 3 d> 
'prase of histamine and histidine decarboxylase levels that 
Kiiiy reach up to approfcimniely 50% (304), and the cxpres- 
lion of the hdc gene in neurons of the tuberomammilhry 
nucleus is also reduced ($. Trottier, personal communica- 
imhij. Decreed histamine/gic input nay affect cholir.ergjc 
uttiron activity m the niicieus basilis (52) and acetylcholine 
rcliwc in ccruca] areas. 

If one takes into account an addition*] direct positive 
iiflticnce of histamine on atrention and memory, this Indi- 
Mics that enhancing hiscaminergic neurotransmission may 
:oi>5iitute a novel symptomatic therapeutic approach to Ah- 
uimcr's disease. The drug tacrine was even more porcnt in 
inhibiting hiiiarnine-yV-methyltransferase, the main hista- 
ninc-me:abolizingenirme t than acetylcholinesterase U05). 



Ilatamine and Other Neuropsychiatry 
)Uorders 

Uixirty may be increased by endogenous histamine acting 
1 the Hi receptor. In agreement- with thus concept, H r 
.'Ciptnr knockout mice display significantly less anxiety in 
ir elevated maze teii ( 1 06). However, the utility of Hj- 
»ccpior antagonise in anxiety disorders is nor established. 

Patients wirh attention- deficit diicrdcrj may benefit from 
ih a need histamine release, as suggested by the therapeutic 
leu of amphetamine in children and the arteniion-en- 
incing effects of an Hj-receptor antagonist in the rat (49). 
-Aiitidtprtuttfii'liki effect! in the moust forced swim test 
Mil) from enhanced histamine release and H : -rectptor ae- 
ration (107). 



DNCLUSION 

k ■■ 

til clinprer describes how-pur knowledge of the molecular 
lifnbiology of cerebral hisuminergic systems and their 
plications in physiologic Junctions, such as arousal or 
fnional regulations, have progressed over the years. In 



contest, little .s known, ro far, about their possible implica- 
tions in neuropsychiirric diseases and rhe therapeutic unlit v 
of psychotropic drugs to arTtcr rheir senviry. HwcccpUM 
antagonists for inverse agonists) rhat markedly enhjnee 
brain histamine release are currently undergoing clinical 
trials. It ssems likely that the ne*t edition of this book will 
see cheir place in therapeutics established. 
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rk^u fa* «?»*nv«ioii 'Fig. 16). AI*o, Sehild plot 
12 or the pragress.ve »hift to th« right of the eoncentration- 
JSteUST' W (;?) ?: MeHA «»oi«|-by thioperamide, com- 
7 a Vo" com P et,1 ' ve """gonism by this compound, led 
di£vf ?k " 96, n ™P? tuiit *. «° J of > » nM (Fig. U). In 
•O'uoo. thioperamldc alone elicited in a conMfttretioD-depen- 



dent manner a small but consistent increase (-25% ) io f'HThis- 
umjn. relme with balf-maximal effect at 4. 1 nM (Fig, !„). TW» 
faeilitatory effect was previously observed with other Hr 
receptor aatagooisu and attributed to anufioniam of 
endogenous histamioe released by the depolariaog stusultu and 
exerung .u normal negative feedback influence ob the relate 



tf«/tJb/2004 lb: i j ui bJ M 14 SI ■» UfclU 1 7637i':^b7V ^^^^^^^^IFW^^^Sg**^ 

33/3eV04 13: J5 33 S3 50 <56 46 
Fax em is par : 83 83 S0 46 46 IN 1ST CNRS teWM 13:21 Per: 5/26 

V-.'.»IW iM^I CNRS . Iocj dw.i* pmpnctc mtcllcctuclk reserve*, fcoroducnim. rep reflation er di iKiftOn tmeniuei. Ui\ du01/QV32. Irtrcles 5 .6 ct 7oVs CGv 



120 



-ARTICLES- 



KATiiHi VOX- 32* H MAY 1W7 



process All These consistent data indicate that thioperamide 
cornpeiiiivcly blocks H 3 -jrutomceptors regulating ( Histamine 
release o/ub a mean apparent K, of 4 nM, ignoring the influence 
of endogenous hbiornlne (TuWe LJ. The competitive nature or 
ihiopcTamide antagonism wa> confirmed in radioligand binding 

studies . , . 

finally, thioperamide also antagonized » n a sunnouniaoJe 
manner the (rtte-McHA-tncuced inhibition of [ H]-hiSUnune 
symh«iswithaX t ofSl tiM(n B . Id 1. Thii value, slightly higher 
ihan that found in the release studies, may conceivably result 
from a stronger influence of endogenous histamine, reaching 
higher extracellular concentrations after the longer-lasting 
depolarizations used »n sy-mhesii studies Truoperamide has 
negligible affinity for H c anri H r receptors (Table I) aa well as 
for a- or ^-noradrenaline' 1 (K > I w.M), muscarinic* IK,> 
lOu-M). opiate : \ dopamine" 2 or serotonin"** (K;> 0.1 mM) 
receptors. Thit indicates that thioperamide is a potent and 
selective H r receptor antagonist. 

A partial agonist 

Although alfcvlaiion of the histamine side-chain terminal 
nitrogen with bulky groups leads to a los* of H 3 -rcc*ptor agonist 
activity 53 , its introduction into a pyrrolidine nucleus led to a 
compound which was still a'jle to mimic histamine partially in 
i^hibiring the t 3 H]amine release (Fig. 1 «). However, the relative 
potency ww reduced to 7% and. interestingly, the maximal 
response was only S6% thai of hbiurome, suggesting ihtl this 
compound may represent a partial agonist. This was confirmed 
by opposing il to histaraoc. whose maximal recpoose was 
reduced 10 the same level, lading to a X, of 2.2 *iM ford-[2-U- 
p>'rrolidinyl)etiiyl] imidazole when considered as a pure antag- 
onist. 

Action in vivo 

The availability of potent a>.ents acting' selectively ai ^-recep- 
tors made it possible for the lirst time to assess the physiologic*! 
function of th«e receptors in the control of histamine synthesis 
and release in brain and peripheral organs of living animals. In 
rats treated with thioperamide (5 mg ptr kg. intraperitoncaliy 
(i.p )) the steady stale histamine level in a subcellular fraction 
from cerebral conex earichid in nerve endings was reduced by 
30% after 3D rain (Table 2). Trds presumably reflected an 
increased rate of t"H]hj5ianiine rcleaae because the H 3 - receptor 
antagonist also accelerated I; y about twofold (he amine depletion 
observed after ineversibir. inhibition of its synthesis by a- 
fiuoromethylhistidine". The reversal of thij effect by the agonist 
( ft)a- MeWA {20 mg per kg. i.p.) >* consistent with Lhe idea ;hat 
it is H v receptor.mediated (Table 2). That (/c)o>McHA alone 
modestly increased lhe ueady stale level of hlsiamine but com- 
pleeely prevented lhe histarmnc depieUon elicited by mhibition 
of Jts synthesis presumably reflects a marled reduction of his- 
tamine release in vivo. Tms effect of the agonist was stereo 
selective, as shown by .tit non-significant change in o> 
fiuoromeihylnistidine-induced depletion 45 rain after ad- 
ministration of (S)o-MeHA which, In vitro, is 100-fold le« 
po:em than the (A)isomc-i' 

such opposite effects of lhe agonist and the antagonist were 
also found when ['HJhisi^mine formation in cerebral conex 
was evaluated after administration of its a K-labelled precursor. ■ 
Hence (J*)o-MeHA {lOrngper Ug. intravenously f i.v.)) sig- 
nificantly decreased ['HJhituraine formation by about 30% and 
this was reversed by thioperamide (lOmgper kg, i.p.) which, 
alone or in combination with (K)o-MeHA, markedly enhanced 
the 3 H-labelled amine form ut ion (Table 3). A qualitatively 
similar effect occurred in the hypothalamus, where histamine 
perifcarya (and aleo terminal*) are located ,,n,a \ Hence it seems 
thai both cr-McHA and thioperamide cross the blood-brain 
borricT al reasonable dosages and that brain histamine neurons 
activity can be modulated bi-directionally by occupation of 
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itaie level and metabolism of histamine in rat cerebral cortc* 



Tcoatxacnt 

Control 
Thioperamide 

( S) a- 0 uoromit by lb Uridine: 
alone 

•rtMoperam'do 

tlhioperamide 
"•(HI a -Me HA 

Control 

(S)o-FluoromethylMstidine: 
alone 

+(R)o.MeHA 
+{S)a-MeHA 



Time after 
trcanncof 
fmin) 

30 
30 

30 
30 
30 
30 



4S 

45 
4j 



Histamine Irvtl 

protein) (% chiOgt) 
547*24 

626 x 47 



438 ±30* 

3i3tm; 

602*56? 

532 ±26 

305±29t 
60S±23r 
367rl7t 



-30 
+ 15 

-20 
-43 
+ 1$ 
+10 



-43 

fl4 
-31 



Male V/ist&j-reti (80-110 g) received the various drugs i.p. and *ere 
lulled by decapitation 30 or<5 min later. Doses of ( Rl- and (S)o-MeHA. 
hydtoehloridc were given at 20 tag per tg (expressod as ibe bwe'j, 
thioperamrde at5 mg perkg *nd (^la-auorometbylliisudiFK.aDirreven- 
ible inhibitor of L-hi;u'dine decartwxyUse** (fiom Df J. Kollaniisca, 
MSD Rescoi-eh Uboraiorics) n\ 300 m? per kg. The cerebral cortex was 
dicsKted out in the cold, homogeci2ed in 10 voU of i«»-e6ld 0.32 M 
jucrexe using » TcBon-glass Potter- £lvehian homogeniaxr (clearance 
0.10-0.15 mm). A crude P 2 synaptoiooaaJ fracrion was prepaid by two 
teoiAhigmioru! (10,000 and 400.000$ mio respectively), the last pcllei 
being rriUJpCTided in phocphatc buffer (Ko/K. 20ruM, j»H7.6). 
Gndoeenous histamine level in this fraction w« c «umued with a radio- 
enzymatic asaa/' iuung ^Hj^-adenotyl methionine (76Cimmo) r ". 
Amertham) and a purified preparation of rat kidney faUuaioe Af- 
methyltramf erase. The inactivauoiv of L-histidiae decarboryltic ixi the 
synaptosomal fraction from {S>a-8uoromeihylhu,tidine-trtaicd nns was 
controlled using e radioaisay" Inhibilion neatly total (90±1%) 
from 13 mio to 2*0 mio. Histamine depletion in rats receiviDg [S)a* 
fluoromethylhistiduie alone had an inhiai half-iife of shorn 40 min and 
the maximal icaxa«« was 62% aAcI 120 mio (not shownl, COtKttitnt 
with previous repots 1 '**. Values air mcaruTSx.m. from aroaps of 8-12 
treated ratt aed 8-21 vehide- treated rats (convoU) rapcctively. 

■ ?<0.OO6 and t / > <0.O001 a^ compart d with oomiols. t P<0.02 
u compared with (5)Qr-fluoromeihylhistidtne alone. 



TiWl 3 tfleets of (R)a-ipctftyihijuffliLn* wirf \liiopcfauoide M ('Hjhtstamine 
famtaXioo it. vorinu rn lxccs 



l*H]bia*»Tri«B \evtl& (d.p.o. g" * iCl 
Treated 











(/rla-MeKAf 


Tiui>« 
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(A)a-MrHA 


rhiopencidt 


rbiopwatnldr 


Cfrcbul conci 


32 = 3 


22±2? 


7S*«T 


ttiSt 




(-»%) 




(*-«%» 


Hypothalami 




i8zi 


253x26T 






f-ISM 


(+1*5%) 


t*10i%) 


Lung 


Ms* 


37* 3» 


«a r »6t 


73 ±12" 




(-29%) 




(-U%1 


AbdOmiOBl Kkin 


144±17 


94*13* 


lOO^Ig 


105*33 












Spleen 




18 = 2' 




:i*5 




(-31%) 






Co toe 


61 ±J 


' 3 0±S 


<9i8 


46es 



Croupe cf mile Wkur rits fBO-lldg) received 250 ^Xi of-PTrviowiy p\inficd 
['KX-ltisiiduic io ihe UiL win 10 min before being killed. The (ffJa-McHA w« 
admttateted i.v. it lOmgpc kfi "g«bw ^ [ 3 HjL-Wtridlo«. whetra* 
thioptruaide t )0 tug per kf. i.p.) m edmisuitcred I b befort. Th« vutous t!6£iia 
of each rot ucre rapidly ia^cxtd out and homogaiizcd in 10 vol (w/v) of tx- cold 
O^MHCIO.. The rnuihA) honogenatat w e pt eewinfugrd (JO.OOOe min) tind 
I'HJhipftum* wm rsolatrd from lhe iyp*miUnU by carom«lo|nphy on n»« 
ijcc**H^<- A^berlite CO SA cA**mni. then quantified oy liauJd tornllnt'Lon ipcc- 
fOTicu)". Tt« recovery of ['Hlhiiuovtic *a« ?J% «hcr«a> oonUiffu&&non b> 
t'H]L.hi«idine wu» 0.016% rwulu* were corrected »eoo^i«e)y. The vintni* 
ifcitwtnu did not ujpiifi«ntl> modify the io ( .»l mdioaa'-Iiy in U:ivk». VaJu» 
sre meuistscn. of mcj a are racnu from I3-3B i*U, 

*P< 0.M; T P < n.005 u oompEted "/m ?omnah. 
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lop <J'iO conCfinrr^iton tM) 




£dLo^r[^ - h,, punchy*. <„ * ^ 

►her* S is ibe pHj(«)<»-Mem ^0^^! iwT«* ? dMerm.ned from tbe» IC,, seeordrng to the equ.uon" JL -ICWO + S/JC I 

ou.J«p..(^..MeHA,#).>,-,x,oS^ 

«- -eWon*. compound « n c IuS ; B$ ^"midine POt " d f 1 <? j ° Tib,e «5 

-«* ike., K. a, «,.«e V o« eouuJlli., (-' H ] nomine rSease U-M A MC 1 L '^'^ "^"' ne) - e ' ehi »Wy wmletcdfrt^S) 

M ml aliquoti 0 r .h, suspense ,0.4 mg p , ole iTw 6 r7 lotubaftdTor^ mtaT?^ * .' or ihe l„. p.i| M |„ freU btfer. 

MCI.MI-J and un),be)l : d .utxcance? ,n . fin* %0 hi« o? ml Aj£ *UH on m" « fcpJkJSvi* 
vM.nm.nu Mill.porc AAWP |„,„ which w.„ <he„ rtnsed l^'^ S^Lut^f^*^' """^ ^ «m 

d;d n * exceed specific binding. , 0 b , guines . rigJ «00-S?S M^S»Td ^ST. ?r^ 0Bfc V lf !,h '" ^ ^<™« W**™ 
a-r^.v, w trt carefully «*mbe4 t. iep^re p^encbymal ^ue from .he br«, n .t . """."V lBn » s r, ««'" ,, <0 B«htr and *bced on jee. Ihr 

-« S '^ y "V 10 *" 01 " »'«»»iiiir rtom the prcp.rauon. (he pellet TwXS^ T *"> f ?»*« iv «W- 1» «rd« ro tlloiattc 

fluid 40% efficiency , 0 «i M % . .: P , oduobili.y a. ie«o oS^iwiS Mdloicontyorthe Elien *m coumed in ACS uiwinatioa 
defined « in A rcp^.ed i0 d p!,. 0 «, n ^^ ^i^p^^T^J^ 0V " T M c.p.». 

no. cceed epeclfic hiJdi^ *" " St " U mi " 0 »^ , in >»>*°° « 



Hrnrctpiors. ThiopcrBmide seems to be the fin. drug known 
clearly to incrcese this activity. 

Most imerestinBly. [^Ihituunint synthesis *u modi6ed Id 
,T*iZ\ « $3me m4 ° n l r " i0 Vnin (Table 3 >- S»fig««ine thM 

rnl l^ T" ' h , e,e *' Wc "' a "V^^"" confirmed by 
,ti , nC ^ SIUd ' M - Bec3use 4 ,9f S« Pa" oflyng his- 
ttoime ,s loced m mM t cell, f 0un d in ab U nd 8 nc* in the 

f- * . '"«"'•"• the 3,vc<>,sr se P ul """".ive tissue and 
m the pleura". ,t seems likely .lui these cell, art endowed Zh 

to^ZZ"" 0 "*' tbe * ym,,Ki3 orihe MiM 

rorm«>o ? were less clearcut » other peripheral tissues. For 
.nmqee in skm. where mast eelu of the conncaive ri«ue type 

J Hlh^ nt ; °' " fl Sp,eM - ; ")*-M«HA ,bo decreed 
MJh.su.mine fomax.on by abujt 30% but the reve^al 
■ .cperanvde w« 1 TO el«rbe«u., the H.-recepto, ^fJu 
did no, promote r ; H]histamine Nation over con.rolTve 

o S'i'nS'h ' ,h0 : ,h Pre,=nee ° f H >-"«P'or?!cma S 
ih, L^. ? y °l h " B PP roacJ '«. »onot be excluded that 
We modest eilecB of ihioperam.de a« related to the absence 
of a tome release of histamioe under b«.l conditions 

Receptor assay and vtsuaiizstian 

^VtW , ,H B, ^ nir> .°[< RU '- U '"* - fc"«io„.| studies 
M^bt rrli r "I 1 " M,lS " ,u,e - *h» 'adiolabelled. 3 
-"-.able probe for away and v.sLaiizaticn of H.-receptors 
Indeed ('H](«)„.MeHA „« found ,o bind in Reversible 



*nd saturable ma«n« to cerebral cortex membranes with a 
at.or./aKoc.at.on rates) and a maximal number of site«n- 



M cotopanson H.- and f ^S^%E^ 
:l!ed w»h ( HJ(<)«-MeHA were phar- 



abundant 3 ' 11 . Sites label. k v -,.u . nnma-MeuA t 
roaco.ogicaj| y idenofied a, Hy^n% ^piZ s £' a 
w.«h a vinery ,f expounds (Fig, L) wbo« po Se, S 
o h.s,a«,ne (for a6 onisu) or K, value, (for a'n^oni is ^r. 

food agreement with corresponding values derived from 
funcuon. studies (Table 1). Nevertheless, note ST^tZ 
of hmtmine and ago„i 1B in binding s , u d ie were g^ly MO 

ionic c.S^S 1 Xtt£SZ£2£ 

studies cr to Ihp talective Ubellu,? of H,.r*JZ,»Z i- W 
con/ormstion,, slale with WgiMyVja'" ' d?SCTC,e 

al/o\Td«/« n ^ $ .° f i Uint3 :'! i8 ,Un& S P ecific «uld 
alto be detected and unambiguously characterized ts h 

T6b,e ".^ ^ f «Wr«2SSrto I dSS 
J , ' pcr P'otein). which confirms ths mtncTrf 

to be fairly widewrSad f» « k • ' H '' re «P t0 " *« fOMd 
fmolccular layer of the dentate gym,), lateral sep^, b P e d 
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Fig, 3 Autoradiographic *\&u*Jtzau'on of H-j-reocptors id r«t braiQ 
usiog ( 3 H](JOa*MeHA. Sagittal bcai&aa performed at level U 
I 4rtia) of the vtcrcouxic alltu of Paxinoa and 'WaiiCm" 0 . U. Toidl 
binding in rt»c presence of 1 nNf l'H](/l)a-McHA; b t noo-Bpedflc 
binding obtained by addition of t *lM thioperemidfi in the tncuba- 
lion medium. Nate Ihc tow And rather uniform ditLribulioa of 
auto radiographic gmio< in 6. Similar pi a u res *crc obmtoed wbcu 
thioperamide wo* rcplacrd by V*nM { ) a- Me HA wherra* 30 nM 
(SU-MeHA did not si(piific&ntiy modify tbe [ J H]ligand binding 
(do! &bowa). Abbrcvioiions' »\sb. AccumbeciE nudeus; AOD. 
anterior olfactory nucleus dorwJ; AOV, aniortor n!factor> nudcuc, 
ventral, BST, bed nucleus of >;rij (ermin&lis; Cer. Cerebellum; 
CPU, caudate putamen; DG, opiate gyrus; Fr, frontal corte*; 
FrPftM, frontoparietal motor cotter: IC. inferior collicutus; LH, 
lateral hypothalamic area; LS. Ui*ral $eptum; LT, lateral thalamuf; 
PMa, peri mam miliary ire a; Pn. pontine nvcJcv; Sn, substantia 
nigTk, Sir. striate carte*: Tu, oliactoiy tubercule. 
Method*. Male Wisur rau (I8CK .- 00 *crt killed by decapitation, 
their brains rapidly removed, dropped into cold freon (-40 "C 
monochlofodiflvoroin ethane, P:r<uogai fU2) for a few minutes 
»nd kepi rrwen at -2CTC until used. Saginai frozen secrioru 
(20 p.M thick) were prcpam) in a Ames cryosut at »18 *C\ thaw, 
cnouoted onto BcladD-coited gly.ss Jlides aocS Mores at -20 *C vmil 
needed. Incubations |44min if IS'C) were performed on « □de- 
mounted (issue scaionj by dipping them ioio 1 nM r 'H](Jlla- 
MeHA in SOmM phoepbire buKtr pH 7.4 containing 0.2% gelatirij 
Nod specific binding was oblai!r«d on irr, mediately adjaocnt sec- 
tion* by adding 1 thiopersmide in the incubat'on rnedivm. 
The incubAticni were ended by dipping the slide* briefly in drug- 
free ice-cold buflrr and the tissue sections were nosed sequentially 
tn rwo )-mir phosphite buffer baths, then dipped into distilled 
water to remove any salu, immediately dried and apposed to 
[> rOuitrafilokS (UCB) Jo X-ray Pieties lor 12 weeki SI 4 X. Films 
war* drvalopcd with Kodak [; ft (13°C\ 5min), fixed in Kodak 
Unffi* (lOmin) and nn»ed u..-1er running tap wafer (30 nun) 



nucleus of the stria terminali*. and olfactory nuclei, to which 

diffuse projection* of the ascending histanjinergic neurons have 
been dr*cribcd J , showed 0>« ht^he« grain densities. In contrail 
the ceiebeMum (all i&ycn); brainstero or mesencephalon (except 
a few areas, such us the substantia nigra J, which contain a lower 
density of projections, showed fainter labelling. Id the posterior 
hypothalamus a thin band of dense labelling was observed in 
the periraarailUry ort a which is know ro contain most histamine 
pertUrya 3 ^ 1 - 3 ' daggering the presence of M r r*cepiors on the 
latter. However in the remairtJer of hypothalamus, in which 
levels of L-histidine decarboxylase and hisiuniiie art much 
higher than in telencephalon 3 , a relatively low degree of labelling 



was observed. Thu may indicaie thai H 3 -rcceptors density is 
not the same on all histamine neurons end/or that H,-receptort 
are nor restricted to the latter 

Conclusions and prospects 

The potent and selective compounds thftt we describe here have 
aJready allowed us nor only to coo6rm the existence of a third 
subclass of histamine receptors in brain but also to locate them 
and to elucidate their physiological involvement m the control 
of histamine synthesis and release in the living animal In thit 
respect the function of H. v receptors seems to be analogous to 
thai of other classes of presynaptic receptors mediating feedback 
regulation of several aeurolransminers***^. Among these, as- 
adrenoreceptors seem negatively coupled ro adenylate cycIaae JT 
and it would be of interest to assess whether H,-rcceptors 
function similarly. The novel phaxmaco logical tools* particularly 
the antagonist which appears to be the first agent able to elicit 
a marked facilitatibn of hitmmmergic transmisfiiocs io the cen- 
tral nervous system, should be useful, irX behavioural and other 
studies, for defining further the fu&ciiciic of histamine systems. 
U has been suggested that the latter may be involved in the 
control of states of sleep and wakcfulnessf" 



lion , energy metabolism 



\ cerebral circuk- 
aod hypothalamic hormone 



Bccreuon 

been hindered largely by the lack of adequAle ^harrriacolbgicAj 
took. 

An appltcaUon of the novel agents thai is already important 
is the identification of H,-rcccptors outside the central ncrvoux 
system in tissues such as the lung in Which they probably control 
mast-cell hiauenine formation and, possibly, release. Should this 
be the case, it might be of great practical importance for the 
undemanding and treatment of allergic and inflammatory 
mechanisms, to establish whether other mediators, coexisting 
with histamine in mast cells; art also controlled by Hj-rcceptors. 

Finally, utirtg the novel agents. H r receptnn with a phar- 
macology closely similar to those characterized in laboratory 
animals have been unambiguously identified in human brain 
(J.-W.A., M.G., J.-P. Chodkiewicz and J. -C.S., manuscript in 
preparation). This euggestt that these, or similar agents, may 
find therapeutic applications. 

This work was supported in part by & grant from the Direction 
des Rechercbex Etudes et Techniques We thank Mrs V. Chenal 
and D. Saveaux for their technical and secretarial help. 
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peri men tecs ouiilly ih« grftviuriobil waves which (hey 

» to dcini Into (brc« clossci: ^barHte* la which the *»tc fifid 
r ri«ei Troro zero, asdllatea for only jt few cycles &fid rbeo 
unu (o zero; 'periodic w»vw', vftd 'ctocbiiytlc Wftvc** 1 , Iter* 
bo*ever, a fourth clo^s, 'burets wirfi mcraory 11 ^ 6 (BNVM). lb 
ich *|7 rises from iero, pscil lares for & few cycles, anrf rbia 
er a hyrsf of duration A/ wattles down Into a ooo-zero ftxul 
ue 6ft^> Here we &5<m ibn for arty kind of detector the bat 
f to search for a BWM is to iotegraie up (be signal for ao 
igratfoa time t^= 1//^, wtoer* i« tbe rrwqurocy at trfiich 
dttector bus optimal amplitude tcatfttKiry to ordlqary bursts 
rtts with our memory)- la stdb s feftrdi tb* i#o«rtidty to BWM 
b duration lr<1// GO( is fadepca&st of th« burst dqr&rioD Ar 
I i-s approxlmntclj equal to the &e*/.ttmtj to orrfiaary bursts 
cycle I0B| with fn^utney/^, (&** rig. J)l If Is possible, tboagb 
highly probable, that BWM will be amoog (be feorljcst kJo48 
^rufltAtiooal amve« detected; therefore experiiiieelere ftbooM 
e tkem ialo account when planDiog tbcU Search srratefies >o4 
« uoaryses. 

"he reason that the optimum inte?raiion time is i=*\ff itpt is 
pic* if a BWM barely rises above the noiie tn the data after 
te inlegraiion lime t. then one cannot know vhal its actual 
ation w-as, one can only fcnou ihat there was aomc Dtt 
ngi 6/1^ in the wave field during the time f This means 
independently of A/ (for A/<- *"). the BW^( will appear 
a fj^'M of duration f, which in tui /i *ill be only marginally 
in^uishobie from en ordtnury bur,: cf one cycle lenglh and 
ation f The nptimal seniiiivjiy io i;uch an ordinary burst 
un. by derlnition, at the frequency / w . Thus, the opttmat 
tiir.'ity to a BWM must be for ■? * i // opt and must equoJ the 
.nary burst sensitivity at frequency 

ht\ argutrtent it independent of 0 c type of detector used; 
nant bar, laser interferometer on Earth or in space, monitor- 
of the Earth's ieisrnic motions, skyhook, Dopplcr tracking 
pa^craft, or limiag of pulsars. However* Tor each type of 
ctor there rwuy be factor* of orCcr iwo to be gained^ in 
ches for BWM, by caieful planning, of data analysis (optimal 
al processing) and by careful planning of the experimental 
p. 

gure ) shows Ihescnsinviiics (for unity signal-la- noise rftlio) 
;ome present gravity.u'm detKtors and the limiting 
itiviiies of some detectors that hi vr been proposed for future 
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Hg. 1 Sensitivities of prtseot (thick curves) and proposed (ihin 
curves) gravi(ationoJ-waVc detectors. Daubed curves are 
sensitivities (ditnciiSionle« gravity-wave amplitude h) to ordinary 
bunts of one cycle duration. (W= \J (frequency). Solid curves ut 
sensioViries to bunu with memory. Reference numbers or« given 
in parentheses. 

consiruaion. The dashed curves aje sensitiviiies 10 ordinary 
bursu; the solid curves, sensitivities (according to the above 
rule-of-tfaumb) to BWM. The thick curves are detectors now 
operating or due to operate in ihe near furore. The ihin curves 
are detectors proposed for construction tnd operation in the 
1990s or (for lam system in space) in -2.000. By 'sensitivity 
to ordinary bursts' (dashed curves) we raean sensitivity to a 
sinusoidal signal at the given frequency (bottom &*is), which 
rurna on abruptly, lasts for one cycle, then turns off abruptly. 
Details of the operatic g or proposed detectors will be found in 
the following references: search for Buauations in th* period 
of the millisecond pui<ar relative to atomic clocks (primary 
frequency standards) (now underway)'* 8 , Dopplcr tracking of 
the Galileo spacecraft (due to launch by NASA in late IMGsr' 11 . 
proposed Earth-orbiting skyhook 12 , proposed multi-station 
monitoring of seismic vibrations of blocks of the EanKc crust 
with sacs 50 to 70 tm a , Stanford, Rome, and Louisiana State 
University crvogenically cooled, resonant aluminium bars (now 
Opcrating) H ' \ proposed laser interferometer detector in space 
with 100 mW of laser power and with drag-free satellites at 
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ABSTRACT 

Ciproxifan. i.e., cyclopropyl-{4-(3-l>V-im'idazol-4-y!)propyloxy) 
phenyl) ketone, belongs to a navel cnemical series of histamine 
H 3 -receptor antagonists, in vitro, it behaved as a compel rlive 
antagonist at the H 5 autoroceptor controlling prtjhistamrne re- 
lease from synaptosomes and displayed similar K, values (C.5- 
1.9 nMj at the H 3 receptor controlling the eiectncalty-lndoced 
contraction of guinea pig ileum o' at the brain H s receptor 
la Deled with f^ijiodcoroxy+an. Ciproxifan displayed at least 
3-ordcrs of magnitude lower potency at various ammergic re- 
ceptors studied in functional or binding tests. In vivo, measure- 
ment of drug plasma levels, using a novel radioreceptor assay 
In mice receiving ciproxifan p.o. or i.v.. led to an oral bioavail- 
ability ratio of 62%. Oral administration o* ciproxifan to mice 



enhanced by histamine turnover raie and steady state 

level of te/e-methyinistamine with an EDso 0* 0-1 4 rrtg/kg. Cip- 
roxitan reversed the Hj-receptor agonist induced enhancement 
of w3tor consumprion in rats with and I0 50 of 0.09 = 0.Q4 
mg/kg, I. p. In cats, ciproxrtan (0.15-2 rng/kg. p.o.) induced 
ensued signs of neocorticai electroencephalogram activation 
manifested by enhanced fast-rhythms density and an almost 
total waking state. In rats, ciproxifan ennanccd attention as 
evaluated in trie five-choice task performed using a short stim- 
ulus duration. Ciproxifan appears to be an orally bioavaitablo, 
extremely potent and selective H n -recoptor antagonist whose 
vigilance- and attention -promoting effects are promising for 
therapeutic applications in aging disorders. 



HA is a cerebral neurotransmitter exerting its actions on 
target cells via three claasee of molecularly and/or pharma- 
cologically well defined receptoro designated H. lt H 3 uad H 3 
(reviewed by Hill rt ai, 1937; Schwart* ct al, 1991, 19951 
The H 3 receptor is n presynaptic receptor ragulating the 
synthesis and/or release of HA it3elf lArraag et at., 1963) as 
well as a variety of other aminertric or peptidergic nsuro- 
rrajnemitterfl (reviewed by SchlicW ct al. t 1994). It was ini- 
tially defined by the design of two selective ligands: (Bio- 
MeHA, a full agonist, and thioperamide, an antagonist with 
nAoomolor potency iK t a 4 nM) Tiiioperaraide has become 
the prototypical H^-receptor antagonist, used in ft large nom- 
ber of neurochemical, electrophysiological and behavioral 
atudios because it ia one of the few agents able to markedly 
enhance cerebral hifitaminergic transmission.* m mi© via a 
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gelective rrjechaniam. In Dgroement, few other actions of thio- 
peroinide were described, e.g. . inhibition of P450 cytochromes 
(La Bella a al, 1992) and 5-HT 0 -receptor blockade (Lcura ct 
at., 1995), which require Higher drug concentrations than 
H & -receptor blockade and are therefore not relevant for in 
vivo studies. 

Nevertheless thioperamide has several drawbacks: 1) its in 
vivo potency ie rather low compared with ita in vitro potency, 
suggesting that drug bioavailability, particularly its brain 
penetration, ie restricted, 2) more importantly it displays a 
distinct liver toxicity on repeated administration which hoa 
prevented it being submitted to human clinical trials. 

Because H u -receptor euitagoniete represent a novel class of 
a genu with potentially interesting therapeutic applications, 
namely in psychiatry (Schwartz ct aL, 1995) sustained efTorto 
Have been devoted to the design of drugs moro potent and 
safer than thioperamide (reviewed by Stark a al, 19961)). 

Ae with thioperamide, all highly effective compounds ob- 
tained eo fftr oontain a monoaubstituted imidazole ring, but 



ABBREVIATIONS: HA, hirtamlno; i-MeHA, refe-meThylhiaiernine; t^)4-M6HA t (Rio-Teihylhlsiamine; AUC. areu under tho curve; C^.., maximal 
concentration; W, wakef jlness. 51, light ctow wave Sleep: 62, deep slow wave sleep: PS t paradoxical Sleep; EEG. eJectroonceph.Hogram. 
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Chnrl«« River. Si Aubin les Elheuf. Franca), houand in coces 01' 10, 

wero &])owtk) froo accooe Lo food and wot«r. Experiment* w?re cJis- 

ried out between in a.m. and 1 f.m. Drugs \a 0.9% NqCI oolutjon were 
administered J. p., each rut receiving two inj*ctiono [vehiclo or 
MeKA )0 mg/kg'p.o., and vehicle or ciproKifan) of 250 *) e*ch. After 
druj creoCroenta, rata were returned to thoir horns cage with food 
(standard pollen) and without water fnr 30 rain. Then they were 
p lac fed in individual cages with only a water ouppiy and 10 rain later, 
the amount of water cans\jroud wae recorded fay weighing. Statistical 
ovalaauon of reeuhe wu9 performed by Student's r toot. 

Analysis of noocortical EEG power opectnU density and 
oJccp-wfticc la the cat. Cat3, a «pecie*> ^ which the role of the H 3 
rocencoT in ilenp-wake control ha3 been demonstrated, wore uoed id 
thin experiment (Linrio/., 1990). Briety, five ndu!t cotn nf both taxes 
weighing 2.7 to 3. & kg wijm chronically implanted, under pentobar- 
bital sne*aheaic £26 nog/kg, i.v J, urjtH electrode 3 for polygraphic 
recording of neecortical and hippocaropa) EEG, ponta-genieulo- 
occipital activity, electro myogram and olocrroocMlo^ram. In addition, 
a thermistor (10 K3 MCD2, Betatherm, in KO at 25'C, outer diam- 
eter of 0,4 & mm) wafl placed io the caudate nucleus to record brain 
temperature. AlUr a rwvery period of ? days the cats vera hcueed 
in a souni-atu»naotfld end dimly Uluroiputed cage eat at 24 to 26 C C 
and fed daily at 6 P.M. wiih a norma] standard diet. Polygrapoic 
recordings wero perforread lor 4 days to obtain the basic qualitative 
and Quantitative parameters ef tho 2leep-w?.ke cycle. 

Cipimrifsn at doses of 0 fplacfihn), 0.1&. 0.3, 0.7 end 2 mf/kg waa 
adraicisirttod onJJy at 11 a.m. Subsequent polygrophic recordings 
were mnde for at luaat 24 hr. They were then scored minute by 
minute according to previously described criteria (Lin *.t c\. , 1990) for 
wakefulness (W). light alow wave sleep (SI), deep Blow w&ve sleep 
($2) and paradoxical d loop (PS). Id soroc animals, noocortical EEG 
fliEmala Ircra the first 6 hr oiW placebo or drug administration were 
digit) 7 od at a oaxoplo rau of 128 Hi and computed 06 a CED 1401 
Plus (Cambridge Electronic Denig*v Cambridge, U.K.). The power 
spectra) density wrr averaged over 30-9ec epochs for the frequency 
ran-e of 0.25 to 60 H2 by ft r*ant Fourier Transform routine aainr; lh6 
CEO program Spike2 and correlAted with sleep- woke stages. 

Five-choice task in rats. Male Lister hondad rotu (Olac, Blas- 
ter. U.K.1 were houaed »n pairs in * Lemperature-contrnllftd C21*C) 
room that wae illuminated in accordance with on alternating 12-hr 
hghl/dark cycle. Rats wure food dnprivod and maintained at 65% of 
their free-feed in g weight (MRC Diet 4 IB lahorotory food) Lhr^ughout 
the exporimont while wnter was o«oj)fible ad libitum. 

The toct appAmUia and procedure wb^ as doacribod in detail by 
Muir cr at. ( 1994V Rata wsre trained to discriminate & brief visual 
fltimalus prese&ted in one of five epatioJ location during 30- nun 
BMftiooa. Rnta initiated a triil by opening the marine panel. After 
a S'See inter-trial inter**! a light at the rear of one of the T-va 
apertures waa illuminated for 0.6 sec. Orroct reoponcog to ch£ itvo* 
ulun location were rnvmidod with the delivery of food pellets. Having 
obtained stable performance on the task (>80% correct reopon^es), 
GtLOTttiaruaJ demand of the took w&y increased ny rprfunnf the stim- 
ulus duration to 0-25 w: in certain drug heasions as described pro- 
^iooely (Muir i'f ol. 1934, 199ft>. Dru^e or the vchielfc (aOline) *rer* 
Administered i.p- 1 bx before the test sGesicn (0 5- or 0.2B-8ec slim- 
u)u9 duration) according tc n Lftun squpre design. A rent day fol- 
lowed by a bnseline dsy aepsi-oced eoch drug tefit da>*. 

Analyse at data. Maximsd fiffacts, ED fn . EC 60 and IC S0 valuos 
were determined uQing' m\ jterstWe compovr leapc-**quaraa method 
deri»oH from that of Parkar and Waud (1971) with the following 
nonlinear regrnRfrion: efTect of the drug «= (Imaarimai effect of the 
drugj.|drug doee-or-conoentratlonli/ddrug doae-or-coocfintrationj 
(rD ia or EC l4 or 1C„)). 

K< values of H,-rec8ptor on^Magonists are wdculatod froru their TC Pj0 
vaIu^js, asRuming o com pert ti*o antagonism and by using the rela- 
tionahip (Cheog and Pruuaoff. 1873): 
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whore S end K d represent respectively either tho concentration and 
tho dieftoriftUoa oooaumt of the radioligand in binding exparimeatB, 
nr tho concBntrotion orf HA and it 9 EC C0 in t*H]HA relune cacperi- 
menta. When s fixed concentration of ciproxifon, tested aa an antag- 
onist, was added to ic creating i me tit concentration a, Iba K t value of 
cipronfun wap calculated from the following equation (Cheng and 
PruBBofT, 19731 

K; //((EC W 7EC C0 )-1J 

whGre EC fi9 and EC Br ' ir» tho imecit concentrations required to 
obtain haJf-nDaximal inhibition of reionM In the ah&tnco and pres- 
ence of ciproxifan respectively, Bjjd /i^ the dproxiCan concentration. 

Rfidiochriairnls and drugs. | i:>fl I)Iodopmxy£ao and l 3 Hj77>o- 
MeHA (specific ectivitioEi at reference date of 2000 and 36 0 Ci/mraol, 
respacdvely) were irora AmerGham (Amersham, U.K.). All drug 
dofea are expreated aa free base of coropnund. Adjnlniatranon to 
animal? wee performed vrith drag preparation in 1^ rnethylrelluloie 
for the oral route, in 0.9% KsC) for i.v. and i.p. route*. Tho drugs and 
their tcurees were as follown; ciproadftin I cyclop ropy 1-(4«(.1 mi ■ 
dazol-4-/))pTX3fjyIc5cyVbenytt kotoccl ?yn thesis was described in th« 
patent application (Sthwarti cr cl., 1996); thioporaraide and (f?!nf 
MellA rLaboratoire Bioprqjet, Paris, France); carbopHramide 
[l-(h«ptarioyI)-4-flr7-imid«ol^yl)pip6ridineI from M. Robba 
(Univoreicy of Coen, France); clobenpropit woe provided by K, Tira- 
morman (Vrijc UnivoraiteJt, Amsterdam. The Nethejlandn); icdo- 
pwxyfan was ayntaasiied at the Frsie UniwAreitnt B«r)in; inietit wbs 
aynthe^ized by S. AtS^iani (Univereity Collego, London, UJKA All 
cthor chom»ca)9 were obtained from corcmcrciaJ sources and wero of 
the highest parity available. 

Results 

Effects of ciproxifan oo H d *reccptor functional mod- 
els \A vitro. The H 3 -recepWT agonist imetit inhibited the 
[ 3 H]riA release with a mfwimel ofTect of 54 r 2%. Pharrna- 
cological parameters w6rA estimated u£ing the H 3 -receptor 
controlled inhibition curve of the [ a H]HA re leas*. Imetit con- 
centration required for half inhibitory effect oi'ite ots*n max* 
iroal effect was 1.6 = 0.3 nM and the corresponding peeudo- 
Hill coofticicnt (n H 't of this concentration response curve was 
close ta unity (0.B5 r 0.16). Ciproxifan (15 nM) induced a 
parallel right ward ehvft of the concentration -response curve 
for imetit and tended by itself to increase (-20%) the K~- 
induced pHIHA release; the antagonism developed by cip- 
roxifan was entirely surmounted in the presence of the high- 
est i mo tit concentrations tested (fig. 2^. The half-maximal 
inhibitory concentration "for imetit in the presence of ciproxi- 
fan (oerimsted considering the total H 3 -receptor controlled 
iahibition curve) wae 12.8 = 1.8 nM, leading to an apparent 
K.; vakie of 1.9 s 0.3 nM hr the antagonist. 

Histamine (1 *iM) inhibi^d its orwn rele^ee by Sf> z 2?c, 
find a series of H 3 *receptoT antagooiate pro^rearively re- 
veraed this response with n H coefficients close to unity (fig. 
3). IC C0 valuee (nM) of the vnrious compounds were 9.2 =. 1.8 
(ciproxifan), 75 - 19 (tiuoperamide), 377 = 5fi (carboperarn- 
ide), 11 t 3 (clobenpropit) and 99 * 5 (iodoproxyfan) leading 
to K x valuee reported in tnbk 1, assuming 6 competitive 
inhibition. 

Ciproxifan (3-300 nM) competitively antagonized the CrDa' 
MeHA induced relaxation af the electrically stimulated 
guinea pig ileum longitudinal muscle (Ligr.enu et a/., 199-1) 
without significantly affecting the maximum response of the 
H a -r*captor agonist in the absence of ciproxifan (91 = 5 (3 nM 
riproxifnn, n = 2), 100 ± 4 (10 nM, n = 6), 110 = 10 (30 nM, 
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the thiourea moiety of the latter, to which hepatotwticity 
might be attributable, ia replaced by numerous polnr func- 
tionalities such as amine or carbamate, etc. 

Recently » wg have designed 3-(l/f-imidazol-4*yl)propanol 
derivQfciveo a9 a novel aeries of potent in vitro H^-receptor 
antagoniBte with a hiigh capacity for oral absorption and 
brain penetration in come compounds (Stark et aL t 1996a; 
Hole at al, 1996). In these novel chemical clasece of com- 
pounds, we have recently identified [ l7 "IJiodoproxyfan. i.e., 
[* 3 -(li/-iTnidaiol-4-yl)prtipyl-(4-iodoQhenyl) methyl ether 
aa a new probe for a sensitive assay and localization of the 
receptor in brain (Ligneau ci al fl 1994). 

We deecribe the biological properties of ciproxiTAn (fig. 1), a 
highJy potent and selective -receptor antagonist belonging 
to fchie novel chemical class of corapounda which suggest its 
potential therapeutic interest as a waking and procognltive 
agent- 

Materials and Methods 

[ a H]Hiotaiaine release from ayoaploaomcQ. FJfjltA release 
experiment? ware performed according to Oarbarp cr al (1992). 
Bri*0« r & crude eynaptovnmal preparation frcm rat cerebral cortex 
was preincubotad for 30 rain with I 5 H]l-nipcidine f0.4 mM) al 37 B C. 
After exteneiw* washing «rynap:ciaojrjes were rteuapended in freeh 2 
rciM K"-R>eb3 'Ringer's iTiediuia and in the presence of the appropri- 
ate drug*. After S-mm incubation eyrieptOBnmr* wore dopojariiyd 
bringing the K" -concentration to 30 mMfor 2 cain Incubations were 
ended by a rapid centrifjganon and PrOrIA levels io the superna- 
tant were determined after AD ion-exchange chrcreategrephy puri id- 
eation. Release was nxprooaed a* the portent fraction of local 
initially preaont in the synaptosomal preparation. Typically tnta! 
fHJHA repirnentod about 3,600 dpm/mg protein and tola} rndiooo 
tivity about 100,000 dpm/rag protein in the test lube 

Aasny of t-MeHA in brain. Male Swine raico (18*20 g) or male 
Wietor mis (140-160 gl (ISa-Credo, L'Arbroale, France) were farted 
for 2a Kr before p.o. administration. After treatraent animals wens 
killed by decapitation, the brain was diasccted but and hemogeoued 
in 10 volurcea (*/v) of ice-cold perchloric acid (0.4 X). Trie clear 
suparrtHtftnt obtained oflor centrifufjation (iOOO * g, 30 mm, + 4*C) 
»'0S a to red et -20°C Wore ra one a ring th* t-M«HA )e*ei by rodio- 
immunoBaeay as oVacrihed {Gorbarg et al., 1092) Changes wore 
evaluoiod statistically by the Student* t tent. 

l lB, l)Iodoppcrxyfaa landing o^eoys. The procedure far binding 
aaflaye to rat striatal nraio raorobxanoJ -*>ae that dooorihed by 
Lignneu et al. (1994). Aliquota of m»mbrapo euepension (100 *d 
containing 15 to 20 ^g of protein determined according to Lcvrry *rt 
of. (1951) using bwioe serum albumin ae standard] were incubated 
for 60 min at 25*C with 25 pM l ia3T liodoproxyfen iK A ~ 65 ± * pM) 
oJoao cr Lo£Otli€ir with competing drug* dieeolved to give & !ioa! 
vnlume of 200 (i\ in a phagphoU bjfTer medium OCa^HPC^/KH^PO, 
SO mM, pH R.flV Incubatioos perfcrraed io triplirare were etnppftd by 
four additions of 5 rol ice-cold medium {allowed by rapid (juration 
through claea TnieroGbor Niters (OF/B, Wf^tman, Maidsusno, U.K.) 
preaoaked in a 0 37c polyethylene iraino ico-cc)d bafTer. Radioactivity 
trapped on Hlum: wan rrioaaurod on a go/urua counter. 
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Fig. 1. Chemica) tJlructurc of ciprmofan, i.e.. cycloprtpyl.(4-(3-(Uf-uiu- 
da2o1-4-yl)propyloxy)phnny]j bet one. 



Histamine H3-Htt*ptor Antagonist 6S9 

Hi ct amino U, rtaceprtof anaay on guinea pig Ileum. The pro- 
c«d\jre used woa that described by Pert 2 and Ilr (1996). 

Hj«tamitrc Hs receptor a a say on guioea pig right atrium. 
The procedure u<*nd wap thiic doncribed by Peru and Elz (1995). 

Muscarinic H3 receptor aa&uy on. guinea pig ileum. The 
procedure uead waa that dacchbod by Port2 and Eh 

.Adrenergic a lo receptor uflioy on rat aorta. The procedure 
uaod was that described by Hirechfeld cr a A Q9B2). 

Adrcnorgic & y recoptcr aasay On guinea pig right atrium. 
The procedure udod wbs choc doscribed by Peru and Etz (1995). 

Scmtoolocrgic S-STi D receptor aflday do guinea pig Uiae 
artery. The procedure uood wee that doscribed by Pertz (1993). 

Scrotooinergic 5-HT 3A receptor a^s ay on rat tail artery. The 
prcocduro ueed woe chat described by Pens and Elz (1996). 

S^rotnuinorpc G-0T n receptor oseay on guinea pig ileuro. 
The procedure ueed was tbht rieaenbed by Zb and Keller (1995). 

Serotooinergic VHT 4 rvxe pi or aetuiy on rat esophagus- Tba 
ri*t)cedur© o»sd was thai described by Elz and Keller (199S). 

Histamine receptor aray on guinea pig ileum- The pro- 
cedure ueed wae ihat described by Ligneau et al (1994). Briefly, 
longitudinal juuscle etripe from gmnes pig «;m&ll iutoaiioe wore 
di^secUd out nnd incabatod in a gassed O ? /0O 2 (95^76%) modified 
Krabe-Rlnger's bicarbonate medium Et -r2l 9 C in presence of 1 fiM 
mapyramino co block tbo Hi receptor. After equilibration, contractile 
oravity und/;r 5tinju!aticn (rcsctangulo/ p«jl?es cf 1^ V, 0.6 mte<. 0 1 
Ht) was rncorded- Concentration-response curves of tbe afTect of 
l72)a-MoHA aJooe or to either with the antagonist were «»tsbUBhod. 

Ra/Hcrocuptor aA»iy of H A *rcc«ptar bgonds, in scrum. Male 
Ewbs id ice (18-20 £ T IfTa-Cr«lo, L'Arbresle, France) wore fasted tor 
24 hr before riprcxifan ndroinistrotion. At vorious times thereafter, 
mice were dncapitated, Blood waj collected at *i **C> aarum oollocied 
aA«r eeotrilugfltion 000 10 min, -4'C), and fltored at -20"C. 
Ciprovifan levela wfera meflfiured with the following radioreceptor 
assay do n^ftd r>nm the fHlfflla-MoHA binding oAaay (Gcrbarect a/., 
1992). 

Male Wiatar rats (160-180 g, 3ffa-Credo, L'ArbreBlo. France) were 
decapitated and th« brain wa? removed unmedietaly. The cerebral 
cortex wofi dissected out end brnoogur iied in 10 volumes (w/v) of 
ica-cold tO ro.M Ka^rlPO^yKKaPO^ bufTer, pH 7.5 using a Palytron. 
After a cantnfue-iuion (1^ > g, 10 rain, *<*4*CJv the euperaatant wbj* 
r&canrtifuged 12^,000 xg, lOniin, *4°C). The last r«llB;wafl webhad 
superficially with and then roeuapondad in Treih ice-cold phoBphato 
buffer to eoncuiuie ihe raftmbrane fractifm used Ibr the binding 
assay. One-ral aliquota of the membrane ausperwion containing 800 
to 330 ixg of protein Ideterroined ocMrdtcg to Lowry cr al (19S1) 
uair.g bovine flerum aJbumin ae BVandard] were incubated for 60 min 
dl *25°C with 1 nM of PHK*)o-MeHA alone or togethwr with dif- 
ferent conccntrntiona of ciproxifan in diluted sarum orcapraxiton-frcr 
mico (atandaydj2auon Curvs) or with diluted serum samplce of rip- 
roxi fan-created mice. Specific binding was dofioed aa that inhibitod 
by 3 uM ihiopo/amide. Iocubationa were performed in triplicate nod 
etoprwvd by four additions of 5 raj of ice-cold phospbata buffer folWed 
by rapid filtration through glass roicroCber filters (GF/C, Whatman, 
Maidstone, U.K.) presoaked in 0.3% polyethylene incina ice-cold 
phosphate buffer. IUdioactivity trapped on nlterg wan maaourud by 
liquid scintillation spectrometry CWaJlac 14X0, EC&G, Ivry, 
France). The e Land ard a alien curves were establiFhod u»in£ a one- 
ftice enmpotition modi;) (GraphPad Priera, Saa Dieg«, CA) and Wj- 
receptor ligand enncfimranona in eerurc were calculated using thaw; 
curvea and e.\*pr«9svd ae ciproxifan conccntmrians. In the coadiaons 
retained, tba detection limit of tH8 radioreceptor aaa»y comoflponded 
to a concentration of 20 nM ci pro id fan in 9erum. Changes Id H s - 

rocepxor ligortd oonflGCtTQlionS io Serum with timf* were tin J y zed 
uainc aither a point to point nonlinear roode] or the two phase 
crxpo^ential decny anuJynip modal (GrnphFad Pristni. 

(il)<3r-MeHA-iriduced water cossumpban in rale. Tha proce- 
dure uaod was LhM described byCIapham and Ki)patrick(lS99)^iLh 
oliffht iDodificationo. BriafJy. raole Listor hooded rats (25fl-520 g, 
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teg eoncontreton (M) 

Pi** 5 . 2. ErTecr of ciprosjfa* on the inhibition by iroctit of the K'-induood 
pSjHA relent &t>a 3jnapuwome9 of rat cerebral cono*. Syn&pfcosoxnea 
pw: intubated with PHJ^hjutidine wera vncuhaied for 6 min in the pret- 
ence of iroetiV in incre»utr.(f concentration*, clone or toffather vith rip- 
rcnfun at e faced (IS nM) cooreritratian. Tbay w t «re Bubeatjucntly depn* 
lamed for 2 min m ihe prwanoc of 30 mM K~ (Una) eoccenttatioal. Th« 
flpootaneouii efflui of PK1HA (2 mM K*) r* predated 14 s 2* of the taUl 
CHlHAin Rynaptoflomaa. InthcpreJencoofaddod agenta. PrTJHA release 
ioduood by 30 mM St'- (e^rostHsd in percent of total fl'QHA ovcrdpon* 
taaeou£ affluz) re present* a 1 17 - 29t. Each point represtnte the fliaan * 
S.E.M. of reaultfl from throe different ejrperim«nU with qua duplicate 
dotarminationa «ach. 




-J — 3T 
Leg concentration (W| 



Fig, A EfTecta of Hy-rcccpior aott«onistfe on the inhibition by HA of the 
K* .induced IHJHA wWo from rat cp.robral enftej eynaplosorM*. Sya- 
spUnwrnae prtinfiuh&tcd with 1 *M HA alOO* «' topjlbflr witb 00 c of the 
compounds ot inert aeinpr ecooontTatiotif. TOey «*re depolnrizad for 2 min 
in the presence cf 30 mM K". Eoc* point reprouiott the aonn retoh arum 
three ditR?r<:nl cxpcrimenti with quadruplicate determinations each. 

TABLE 1 



Compounds 


In Vam Teats OC t . oM) 


In Vwo Ti*t 
(EDy> mffag, p^ i 


PWHA.rblaaa*' 




lno-eiu* kO trMaHA 
in mouse bra io* 


Ciprojofan 

Thiaporamidc 

Carboporamjdfl 

Clobenpropit 

lodoproxyfftn 


0.5 Z 0.1 

4 ±1 
20 ±2 
0.6 r 0.2 

5 = 1 


0.7 = 0.2 
4=1 
6=2 
03r 0.1 
0.2 = 0.1 


0.14 = 0.03 
1.0 z 0.5 
2.9 ± Q.fi 

-25 

>25 




Loq concentration (U) 

Tig. 4. Inhibit ton of ^"iJiodVipro^yfan mo ding to rat striatal mcttbrnoafl 
by va/icuo bictEmiflerffic agents. Membranes were id Cuba ted for SO min 
at 25"C witb 25 pM ('"llio^Koxyfaa and imUJtttted receptor antn^ 
oo'uite in iocrefliiiOff coocfintrntiona. Specific binding, d^ftaed as thnt 
inhibited by 1 *M ODa-MeHA. rcprewnted 4S - 1<* of the WUtl bindlog. 
riofcultfc we cxprepftcd a* percenu^BG of epcciQc l ua T!indopr(Dryfea bind- 
ing in the uhceoofl of unlnhetod ftf eoto. Each point nnd vertical bore 
*-»pfeaeDt tbe mean ± S.E.M. of rCBulw fVom thr«6 diffcrtot experiments 
with tri[>lic*t* daicraunations each, 

values for tbe compounds were deduced leading to the K ; 
values presented in table 1. 

Receptor selectivity of ciproxtfan. The compound di3- 
played low apparent affinity at other receptor subtypes as 
evaluated in functional teefca on iaolated organe (h^fltomine 
H t end R,, muscarinic M s , adrenergic and fi v dtrotonin 
5"HT )B) 6-HTy and 5-HT 4 ) (fig. 6). In addition, cip- 

roxifan displayed a K t value higher than 1 in a largo 
variety of radioligand binding testa (Panlabe screen), except 
at ^HJpirenxepine binding to rat cerebral cortex membranes 
where its Kt wna about 1 jiM (data not shown). 

Changes in serum drug cod central ion in animale 
treated with eiproxifau. After i.v. adminiatration of* 1 
mg/kg ciprosdf&n to mice (fig. SB), the H,-reeeptor Ulfand 
concentration in seram decreased progressively, firtiag o typ- 
ical biexponerxtial decay model with belf-timee (t )/a ) of 13 and 
87 min for the distribution and elimination phases, respec- 
tively. The quality of thip fit is given by an R" value of 0.986. 
At 6 hr, the eerum ligand concentration was still detectable 
with a value of 23 = 6 nM. When ciproxifeui was pven orally, 
also at 1 mg/k(f (fig. 5A), eerurn bgand level rose rapidly, 
being maximal at 30 min with a maximal concentration 
(C ) value of 420 40 nM; then, the bgnnd concentration 



10 



prolyl an (tram Liit£*«u «f <^-. 1094). 

' Oata frnm U jnowKr aL >;iW4> «««pt fnr nxrr>vtn^ <€ fr \ *\. 

f - Data from figure 8 cx£»;i Rr ibioporomi'lo 1^ CunoUj'tt aL. 1966) iiaO 
iodoprosyfan (Own Swrk a ol., 1886). 



n = 6), 105 ± 9 (100 nM, n = 6) and 87 z. 1% (300 nM, n - 
6) vs. 100% relaxation in the absence of ciproxifnn). Schild 
analyaie revealed a elop« of 0,92 = 0.0-1, not significantly 
different from unity (n » 26). After imposing the unity con- 
straint, a pAa value of 8.38 r 0.03 vas calculated for dproxi- 
fan. 

Effect of ciproxifan and other H^receptor anta^o* 
niettf on P 3 *Hiodoproxyfan binding. At 25 pM ( : "I]iodo- 
proxyfan the specific bin dine: to rat striatal membranes rep- 
resented 8.4 r 0.4 fmol/mg of protein, i.e., 46 ; \% of the 
total, and was completely and monophasically displaced by 
all compoandfi Cfig. 4i. From these displacement curvea IC S0 



1 7 




H| «, M, M, a,» D, W*T.t VKT fc 4-*#T, |4fT, 

Fitf- ft. Rcccpxar colectivtty profile of ciproxifao. Tho afHnity of the com* 
pojnd ot tbe receptor (fJC t from (•KltlA rolcofc oway) i« enmpored to 
corruipOoHing waloc^ ohtAtnul io functiooal test* in isolated cr^ane. 
Other values raprotcot ocao t S.E.M. pA, (Aninlakshaao and Schild, 
19S9) froc n - 3 ^ 12 preparatioDS except for th« H^* and ^ r rocoptor 
&£M> (pD' a accorclintf cn Van Robquqi. 1963). 



■' - — m tfftf. -J TOT 



04-06 '04 VEN 11:35 FAX 01 47 03 06 12 &I0PR0JET DIRECTION 1^005 



1562 




200 MO 
Ttms (mml aftar cIptoiJFan (1 mg/kg, pe ) 




Tliw (mini aftor cipron9an (1 W8, 



Tig- 6» Serum drug csoceniration in mice receiving cipronfan. Mj» w sra 
killed afte* p o fAj or i.v. (B) adminietrntioA of apro*tfa/> tl TO&Ttg), 3nd 
drup crmcentrAtiar.A were .T^aJuawd in scrum by a radioreceptor aj>6£y 
M*ans r S.E.M. of values from «\x mice. 

decreased but still remained measurable at 6 hr (27 ± 5 nM). 
The AUG* ware 1425 and 690 nM.hr after i.v. and p.o. od- 
miru3tratione, respectively, leading to on oral bioavailability 
coefficient CAUCp.ojAUCi. v. . 100%) of 62%. 

In rata (n = 3) receiving 1 mg/kg eiproxifan p.o., the timo- 
cnursB of changes in serum ligand concentration were com- 
parable to those in mice with a mean AL'C of 2,225 nM.h, a 
C mQX of Sfil r 322 nM, also observed at 30 min, and a level of 
96 1 4 nM at 6 hr (net ehown). 

In one cat receiving 3 mg/kp of ciprcurifan orally serum 
levels ImM) were of 0.14 (0.3 hr), 4.0 (1 or), 2.2 (1.5 hr), 0.27 
(3 hr) and 0.12 (6 hr) leading to an AXJC of 5.07 uM-hr at this 
dose. 

Changes in brain t-MeHA level after administration 
of ciproarifon or other H,*receptor antagonists. After 
the administration of eiproxifan (1 mg/Vg, p.o.!, brain 
t-MsHA level roee rapidly, being already significantly in- 
creased after 30 min, reaching a plateau between 90 and ISO 
min and still remaining enhanced after 270 min (fig. 7). In 
mice receiving' pargyUne. a monoamine oxidase inhibitor, 



Conrol 

Parana 



Ftff, 7. Charted in bmir t-MtHA levels in catutoI end par gy line -tr«atfd 
mice fcfter administration ot'ciprturifan. Mice wcr* lolled at vinous tiroes 
after sinuOtancoua administration of vehicle or ciproxitttf> (1 <ngAg, p c.) 
and vehicle or pargyline (fl6 mrf\sg, i.p.) i-MallA levels are nxfVQt^d in 
«ft'B of risau*. Means :£ £ CM. of valueo frona 12 mic«. 




t-McHA- level increased linearly with rime at a rate of 65 
ng/g/hr, whereas coadministration of pargyline and eiproxi- 
fan enhanced thie rate to 120 ng/g/hr. 

The doae-reaponee curves of eiproxifan and a series of other 
H 3 -roceptor antagonists were established by measuring t- 
MeHA lfivele 90 min after orAl administration (fig. 6). Cip- 
roxifan, thioper amide and corboperamide, maximally in- 
creased tMeHA level to an equivalent extent* about 5-fold 
over basal values. However, clobenpropit. at the highest doa* 
age tested (30 mpykg, p.o.) maxim ally enhanced t-MeHA level 
by 45fc, and iodoproxyfan (10 rag/kg, p.o.) did not signifi- 
cantly modify this level. The £D E0 values of the compounds, 
derived from data of figure 8, ore reported in table 1. 

Similar experiment? performed in rate receiving eiproxifan 
oraJly led to ED 60 values (rag/kg) of 0.23 := 0.04 in cerebral 
cortex, 0.28 Z 0.06 in striatum and 0.30 ± 0.08 in hypothal- 
amus with eimilar maximal enhancement* of about 100% 
(not shown). 

The time-course of the changes in t-MeHA levels in mouse 
brain ebcited by oral administration of 0.3 mg/kg eiproxifan 
and S mg/kg thioperajnida Ifig. 9) were analysed in terms of 
AUCfl, leading to values (in percent increase hr) of 597 and 
425, respectively. 

Effect of eiproxifan oa the water consumption in- 
duced by an H^receptor agonist. The H^raceptor agonist 
tfr>o-MeHA (10 rr.g/k£, i.p ) markedly enhanced water con- 
sumption in rats, an effect that was progressively reversed by 
coadministration of eiproxifan in increasing dooage, tbelD 0o 
of the antagonist being 0.05 z: 0.04 m^/kg (fig. 10). Ciproxifan 
alone (3 mg/kg) did not significantly modify water consump- 
tion (fig. 10). 

Effect of eiproxifan in the five-choice task in rats. 

Analysis of variance revealed a significant drug x stimulus 
duration interaction GF(1.9) * 12.19, P < .01]. As &hown in 
figure 11, reducing the duration of the visual stimulus to 0.25 
sec resulted in a significant reduction in the accuracy of 
performance compared to the baseline (0.5 aec) stimulus con- 
dition. Ne*-man Keula pest hoc comparisons reveoled that 
this reduction in performance wa3 significant and that choice 
accuracy significantly increased after administration of 3.0 
mg/kg of ciproxifan under the shorter stimulus condition 
compared to performance after administration of the vehicle 
(P < .06). There waa no significant efTect of this manipulation 
of the stimulus duration or of ciproxifan on any of the other 
measures recorded ii.e. f speed, anticipatory or perseverative 
responses and errors of omission) 

Effects of ciproxifan on oeocorticaJ ££G power spec- 
tral density and sleep -wake cycle in cat. Administration 



Oooe ime'kg, p.o.) 

T\g. 8. Chains in br&in t«MeHA Icv^lo m micv nAcci*\nc H-rrwptor 
antafootets. Mic* ivere killed 90 rairt after the p.o. edmiiuatrotion of 
vehicle or (Jrvgs in i/icrvwirv* dews. t»MeHA lc»el«» in treaiM mice anj 
cxpr<ised io percent mere or* &b tomparad to I^tIg in control naifC z 
7 n^&l. Me acs z S.C.M. ofvaJu** from 12 mice. 
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Tig. 13. Rcprwientativo hypno<jnuiia (4 hr) obwinod 
in cut* after oral administration of dpradfua at dif- 
ferent doaec Note the doao-dopoxadent waking effect. 
Atmciaea, Time in hours: ordinate, alee p- w^k* fftagw 
(PS. paradoxical rjieep; 82, dwp eLow wave fiUop; SI. 
light clov wove sleep; W, wakefulness). 



CK; = 0-5-4.2 riM), ao observation that dees not support the 
hypothesis of the existence of H 3 -reeeptor subtypes (Clapham 
and Kilpatrick, 1992). The hypothesis, mainly based on dis- 
crepancies in potency of some compounds in binding and 
functional models, is not supported either by the closely 
Bimibr potanciofi of other antagonists in different models, 
CKomplified in tnnle I (with the exception of iodoproxyfan for 
which the discrepancy can be fully explained by a glow equil- 
ibration rate). 

The high degree of selectivity of ciproxifan toward the 
histamine Ha receptor was shown by the observation that the 
drug displayed lower affinity by about three order* of mag- 
nitude for arty other receptor subtype on which it was tested 
(aaa "Results"'). 

Although acme compounds in vitro were as potent as or 
even more potent than ciproxifan at the H 0 receptor, eg., 
clobenpropit and iodoproxyfan, ciproxifan given orally to 
mice enhanced brain t-MeHA levels at much lower dosage 
CED ao = D.14mg/kg) than aay of fehe9e compounds. A similar 
change, occurring with ED r . 0 of 0.2-0.3 mg/kg p,o. t was found 
in various areas of rat brain. t^MeHA ia the product of the 
major metabolic pathway for endogenous HA in brain 
(Schwartz, et al., 1971\ and its fiteady-atata level is a reliable 
index of hUtaminergie neuron activity (Oi&hi et a/., 1983), 
The increase in t-MeHA level induced by the H 3 -receptor 
antagoniata corresponds to an enhanced HA release, reflect- 
ing the tonic inhibition that the endogenous amine exerts on 
this process and on neuronal firing via frtimulation of au to- 
re coptors in the eomotodendrinc or terminal area of hista- 
minergic neurons. In agreement, ciproxifen CI rag/kg, p.o.) 
enhanced HA turnover rate in mouse brain, evaluated from 
the rate of t>MeHA accumulation after monoamine oxidase 
inhibition, from a vak\e of 56 nq/g/hx. consistent with corre- 
sponding values obtained in the eame species using either 
isotopic (Verdiere et al, 1977) on- nonisotopic methods (Oishi 
et al % 1989), to a value of 120 ng/g^hr. 

A similar maximal offset, corresponding to a neaily dou- 
bling of t-MeHA level, was obtained with tbioperamide or 
carboperamide whereas, at tho maximal dose tested of clo- 
benpropit (30 rug/kj;), this level waa not reached and no 
significant change occurred after administration of iodo- 
proxyfan (fig. 8) despite the high potency of these compounds 
in vitro. 

In tho case of ciproxifan. a rathaT high oral bioavailability 
was evidenced by the ratio 060%) of AUCg of H 3 receptor 
binding activity in blood strain, measured by using a novel 



radioreceptor assay, following drug administration (1 mg/kg) 
by p.o. and i.v. routes, reftpeetivdy. The rather slow kinetics 
of ciproxifan are indicated by a serum level EtiH about 10 
times above the K : value of tho drag at tho R, receptor 6 hr 
after oral administration. At thifi time, t*MeHA levels in 
brain ore still enhanced by 24 z 11% C fig. 9). Such compari- 
son between drug levels in blood and a typical brain response 
in rodents might be useful to predict effective dosages in 
other epeciee, particularly humans, in which only blood levels 
are available, assuming a similar ability of tho drug to cross 
the blood-brain barrier. A similarly favorable bioavailability 
of ciproxifan on oral administration to rats and cat£ is sug- 
gested by measurements of t-MeHA and drug serum levels, 
respectively (see "Results"). 

Characteristic behavioral responses were found in rata and 
cata receiving ciprorifan in low dosage. In wateT-dcprived 
rats, ciproxifan blocked the enhancement of drinking elicited 
by IfZlo-MeHA, an H„-receptor agonist (Clapham and Kil- 
patrick, 1993), with an ID eD volue of -0.1 rng/kg. The exact 
site (central or peripheral) and mechanism of action of Ho- 
receptor ligands in this test has not been clearly established. 
Thue, whereas the involvement of the renin-angiotensin sys- 
tem in HA-induced drinking was postulated by Knuy and 
Miller (1982), an AT, antagonist did act affect the (R)*- 
MeHA-inducod drinking (Cl&phnm and Kilpatrick, 1993). 
The observation that CR)a-MeHA-induced drinking is blocked 
at doses of ciproxifan (this study), thioperomide ond partic- 
ularly clobenpropit (Bornes et a/., 1993), close to those en- 
hancing endogenous HA release in brain (table 1), suggests 
that H a receptors in brain rather tban in periphery ar« in- 
volved. The observation that ciproxifan or thioperamide 
given alone do not affect drinking suggests that the effect of 
C#}o*-MeKA 'is mediated by H a hetero- rather than auiorecep- 
tora. In agreement, H 3 receptorE on nor3drenergic serotonin- 
ergic, cholinergic, dopaminergic or peptidergic neuronG do 
not appear to be, as with thoee on hi6taminergic neurons, 
tonicolly modulated by endogenous HA, because they re- 
spond to agonists but not to antagonists given alone 
(Schwartz et of., 1991, 1995; Schlickcr et aL, 1994). 

The marked dose-depondent waking effect of ciproxifan in 
cat6 is consistent with a large variety of experimental evi- 
dence showing that hiataminergic neurons play a prominent 
role in cortical activation and arousal in cate and rata (re- 
viewed by Lin et al, 1996: Schwam et aL, 1991, 1995). The 
arousing effects of H,*receptor antagonists, characterized by 
on enhancement of wakefulness at the expense of glow wave 
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and paradoxical sleep, was previouoly shown in both animal 
species using thioperamide (Lin el aL, 1990; Monti ct al 
1991) ond carboperamide (Monti cf aL, 1996) The effect of 

Wft9 ' J tL ! ta ? hS 0f *ioparam)d8 (Lin d. 
1390) prevented by administration of mepyremine. an H,- 
receptor nntagomet. suggesting that it resulted from a H - 
receptor mediated enhancement of endogenous HA rclcaso 
Thebr a ,n eite(e) at which endogenous Ha promoted j cortical 
fcfcG ^synchronization via activation of the rL receptor 
could be one of the brain areas to «hich ascending or de- 
scending fcustmninergic pathways project known to express 
the H, receptor and to control eleep/wake fulness states 
These potential targets comprise cortical neurons receiving 

„uT a ,o Ml£m 'T reiC P"*** 0 " 8 the tuberomammillary 
nucleus, preopt.c antenor hypothalamic neurons, thalamic 
refcy neurone and basal forebrain or meeopontine tegmen- 
tum neurons (Lin et aL. 1996). w>™ 
Because the effect of ci P ro»fan in cats was to enhance 
fast cortical rhythms, known to occur during increased 
vigilance, and to cause a quiet waking state, a positive 
outcome in attantional tests could be anticipated In con- 
firnanon the, dm* significantly enhanced choice accuracy 
.n the five-choice serial reaction-time task when a visual 
atuaulu* of short duration (0.i6 aec> wat used. Such re 
auction of the stimulus duration inereosee the attantional 
load placeo on the task, reduces choice accuracy and has 

«r n «^, * ° bee "' e *° effects °f cholinergic agents on 
attentional function iMmr tt aL, 1994. 1995). -Pro-oogni- 
t.ve effects of the H„-re«, P tor antagonist truoperarnide 
have h«m reported in other behavioural tasks, e.g.. step- 
through passive avoidance response in seneecence-acceler- 
ated m,ce afeguro « al. 1995); elevated plus-msze per- 
S3Sr*/VT™ 9 "P° la «'^-induced learning 

deficits (Miyaraki tt 0/.. 1995) and in a test of social 
memory in rats , (ftaet et «>., 1MS) . However, it has also 
oe«n reported that thioperamide failed to improve eeopol- 
amme-induced attantional dysfunction in the same 
6-choico task used in the present study (Kirkby cf al, 

Taken together th«e „ ar ioue observations suggest that 
aprox,lan ib a potent, orally active H a -receptor antagonist 
ami it seems of interest to assess its potential therapeutic 
appucanone. namely in aging or degenerative disorders in 
which wguajice. attention and memory Are impaired. 
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Abstract 



Tne neurotrarrtrniileT histamine is contained within neurons clustered in ihe ru be romam miliary nuclei of the hypothalamus. These ceil* 
give nsa »rt widespread projc:iion< extending through the basal f<*ehrain to ihc cenrhral corte*. *s well as to the thalamic and pontome- 
sencephalic tegmentum. The<* morphological fcaiyrts suggcM thai the hifiammergic system act* a* a regulatory center Tor wholc-twain 
acri vily. Indeed, thiamine is .nvolved in the nce'jlulion of numerous physiological functions end behaviors, including learning and memory 
a* indicated b> extensive rc^arch reviewed in thi* paper. Wuiamine effect on cognition miehi be explained by tKe modulation of the 
choi.nergtc system. Hoover, interaction, of histamine with any transmitter system, and/or a putative intrinsic procofiniiive role cannot he 
eluded. Furthermore. aluWh experiment evidence indicatcMharattentinrv-dcficit hyperactivity disorder symptom, arise from impaired 
dopaminergic and noradrenergic transmission, recent research su$ge*is thai histamine is akn involved. The pos.blc relevance of hMamine 
in di.s«nlew such v age-relate memory defied Alzheimer 1 * disease and auemion-deKdl hyperactivity disorder it worth oTcorw^faliun 
apd awaits validation wtih clin.c.! trial* that will prove the beneficial effect* of histaminerpc drugs in the treatment of the,* di.^es O 2000 
Published hy Clavier Science Ltd. All /ighbi ^served. 



1. Introduction 

Although early studies suggested that histamine acts as a 
neurotransmitter in the b^in [I J, only recently has the 
evidence become persuasive [2.3]. In this regard, two find- 
ings have been a real breakthrough: {he identification of a 
central hisuminergic neuronal system, visualized immuno- 
cyttx:heniicajly with Antibodies against histidinc decarbox- 
> W [4| and histamine corrugates |5], and the discovery of 
the histamine H> receptor [t\. In the mammalian brain hista- 
mine interacts with iu specie receptors, H } |7|. H ? [8] and 
H< (6K and with the polyaminc binding site on the NMDA 
receptor complex This amine is involved in the regula- 
tion of numerous physiological functions and behavior*, 
.tuch as thermoregulation, circadian rbyihms. neuroendo- 
crine regulation, catalepsy, locomotion, aggress ivenesa. 
drinking and feeding, learning and memory, and synaptic 
pia>ticiiy (2,10.1 l|. 

This review describes briefly the organization of the 
central hktaminergic system ;o>d focuses on the involve- 
ment of this unique neuronal system in cognitive processes. 

2. Histaminergric neorooAJ system 

Cell bodies of the histamincrgic neurons are located 

*Ovrmpnndirt£ iurhor. Tel.: r." i4«5-4?7l2W: fax: ♦ J*.nS5-t37i;H0i' 
£-ivtii vddr*,*: bbndinflfir^rvrrl ph&mi .unifi.it iP. bkrvliru) " 

IT^^Tt'^ ' f0M ma,fCf ° i0CO * M b ' Science UJ. 



exclusively in the tuberomamminary nuclei of the hypo- 
thalamus f5.l2-14|. Consixtenily. (he mRNA for hiitidine 
decarboxylase (BC-4.I.I.22) has been shown only in the 
tuberomammillary nucleuc [ 15). Histamine does not readily 
crosis the blood-brain barrier, and in the brain iv formed from 
L-histidine, which is almost exclusively decarhoxylated by a 
specific hiuidine decarboxylase (E.C.4. 1.1.22). Hi.siamin- 
ergic neuron* are 20-30 urn in diameter, and fire sponta- 
neously and regularly (|6|. Their efferent varicose fibers 
project predominantly ipstlaiernlly to L he whole ceniril 
nervous system II7-19J, including most subcortical nuclei 
and the cerebral cortex [20]. Most ol the histaminerpc fibers 
are unmyelinated, do not wjrround neuronal cell bodies and 
make relatively Tew synaptic contacts, mainly with dendritic 
shafts 1 2 1]. Numerous synaptic contacts, though, have bc-n 
observed at the electron microscope in the mesencephalic 
trigeminal nucleus, where dense network* of histaminergic 
fibers surround neuronal cell bodies [22 1. Some histamin- 
ergic neurons aUo store other neuroacuve substances and 
related entymes, such a* CABA [23). filutamatc decarbox- 
ylase [24|. adenosine deaminase 125], subsiance P (26] and 
galunin (27 J, in a species specific manner (28). However, the 
relea.se of these substances from histaminergic terminals has 
not been demonstrated yet. and the functional significance 
of these crvlocalizations is still unknown. The morpho- 
logical features of the central histaminergic system, with a 
compact cell group and a widespread distribution ofvaricose 
fibers, resembles that of other biogenic amines, such a* 
A II rights rescrmJ. 
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dopamine, norepinephrine and seroronin. thus suggesting 
thai the histaminergic system may act as a regulatory center 
for whole-brain activi:y [20]. 

Binding studies with highly specific histamine receptor 
l.gands in combination with light microscopic autoradiogra- 
phy have shown that H,. H> t.nd H, receptors ant distributed 
unevenly throughout ihe brain. Their distribution is mostly 
distinct from one another and seems to be species-specific. 
For instance, the highest concentration of H, receptors in the 
guinea pig brain is in the cerebellum, whereas, low densities 
ol the same- receptors are Found in the cerebellum of the rat 
The highest H,-receptor density in the brain of the adult rat 
is found in the basal hypothalamus, hippocampus, amyg. 
dala. outer layers of ;hc cortex and pontine nuclei [29J 
The primary action of ihe activation of H, receptors appears 
to be the breakdown of inositol phospholipids and conse- 
quent mcrease in cytoiolic Ca*\ Inhibition of firing and 
hyperpolariiation have been described in hippoeampaJ 
neurons as a consequence of H, receptor activation (30) 
whereas, .n other regions of the nervous system. H, recepior 
ftctivanon causes exoarion through a block of potassium 
conductances (31]. In (he guinea-pig. high levels of both H, 
receptor and iis mRNA are found mostly in the striatum 
limbic areas and external layers of the cone*, whereas, the 
septum and hypothalamus have low density of both markers 
13.]. Activation Of H : receptors stimulates cAMP accumu- 
lation or adenylate cyclase activity in nervous tissue In the 
central nervous system activation of H 2 receptors may block 
long-lasimg after-hypcTpotariarion leading I0 potentiation 
of excuat.on |33]. n.jy increase the bursting activity nf 
hippocampal pyramid cells (34|. and induce or enhance 
synapnc plasticity in the rat hippocampus (35J. 

The rat brain .* net, in H, receptors, which appear io be 
w.dely distributed in the areas receiving hiataminergic 
.nnervat.on (36). InOr.ed. the histamine H, receptor was 
ongmally detected in vitro 3S an auturcceptor involved i„ ' 
the ncE-i.ve feedback control of histamine release at the 
level of h.stammerg.c nerve-endings (6). H, receptors 
appear to restrict the influx of calcium ions, which is essen- 
ual for histamine release f6.37.38J. Thus, histamine can 
reduce presynaptic* lly its own release from axonal term- 
inals, in a fashion sim-lar to other amincrgic neurotransmit- 
ters, such as fl0I epinephrine, through ^-receptor 
act,vat,on Histamine not only inhibits its c«n release 
through the activation of presynaptic H, receptors, but 
also ,,s own synthesis (39]. Recently, the mode of action 
of H.i receptors in modulating histamine relea.se has also 
been demonstrated in vi, 0 (40-43). Interestingly, autora- 
diographic studies h.v/e shown that the presence of H, 
naceptor, is not res«n„ed , 0 histaminergic neurons (44: 
4o] In fact. H, receptor, function also as heteroreceptort 
(47 J, mediating hi« amine-laduceil inh.bition of the release 
of I HJ-serotonin. | 'Hl-noradrenaline. and ( 5 H].dopamlne 
rom slices of several rodent brain region, , U-SI). mS? 

■or acv.t.or, causes ihe inhibition of po.assium^voked 



5?«l ■£ ' 2 J ' aCeiy ' f h °' ine fr ° m ™ slices 
[52 53]. This effect was confirmed also in vivo. usi ng m c o 

d«.ys,S to simultaneously administer histamine JdS r 
changes ,n acetylcholine release from the conei of fredv 
mov, nfi fal y 54J . fh e inhibi|ion of cort . ca| g 

Please by H, receptor activation is indirect (52 54] and 
involves cornea, CABAergic internets fS5J. Cortical 
GAB a intemeurons control the activity of large populations 
of pnnctpa. cell, through to extensive axoiaZ.ation 

e^I™' * « ***** SUCh " * e Anergic m,y 
exert u powerful effect on the activity 0 f the cortex modu- 
late the acttvicy of local CABA intemeurons. In the rat 
arnygda a a , well histamine appear, to diminijb (bc 
of «e tylcholine with a mode of action which i, under study 



3. Histamine in learning and memory 



Experimental evidence indicates that central histamine 
n»y have 3 role j„ cognitive function as this amine has 
been shown t0 enhance memory (recall) in bam a passive 
[57| and an active avoidance t«k (58]. H, receptors 
appeared to be involved in me memory-enhancing effect 
of histammc. s.nce oral administration of H, recepior 
antagonist ,mpaired retention of . a su-n-thmugh active 
avoidance respo^ io rats |59| Jnteresling|y ^ ^ 

mine and acetylcholine reversed the impairing effects of 
H; receptor antagonists ,5S]. SU g gesting an inIeractIor) 
be w Ccn anUi histaminergic and cholinergic neuroma- 
m.tter wms m this behavior. A mcmory-enhancing effec. 
of histamine „ a.so supporteU by the cbservarioV Z\ 
admrntstratton of histidine. the precursor of histamine, 
ameliorated scopolamine-induced learning deficits in mice 
exposed to an ele^ud pl us -m Me , esl m , and facilita( , d 

X n 0ry ': "* m Con ^y- -cptoie- of hista- 
m ne by the adm.msrrat.on of a-rluoromethylrustidine a 
^tive ,^ lbll0 r of the histamine-syntWing en2yme 
62 . caused an attenuation of act.ve avoida^e acquisition 
S Lin, ' ° ,her S ' Ud,eS SUppon lhc ^'""^ «ha« 

A.vLe z !( LT"* T itive functions - C ^ tel - 

methy Ih.st.d.ne ,mp ? ved ra, , earnjn g unities in , maze 
partem, where a.lmals had to learn to avoid a foot- 
oct ln,cre st ,ngly. bilateral lesions of the tuberonamm.- 
l-ry nueleui produced facilitation of learning |65) Tus 
sugSesttng tha, removal of a histaminergic fac iil" 
cogmtive passes (10.66J. TTte reason ftlhetdS pan 
ces may be elucidated only through knowledge of' he 
d^nci and opposing modulatory actions ^ his.Linergic 
fubcromammilary neurons might exen by activating differ- 

el7n? P o ' 0r 5UbtypeS ° n mtnm InvoTved m 

lejrnine processes. 

renon?r, nl ' y '.\ f0le ^ re " P ' 0rS io C W"™ b«n 
reponed and the mechanism might rest on histamine^- - 
chol,ner eic f6 7.68). Indeed, ra, coS ve 
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performance in object recognition, and a passive avoidance 
response were impaired by pre-training administration of 
imeiii and <*>-<»-methylhi*iamine. both highly selective 
H, receptor agonists (40.69|. at doses thai also reduced 
potassium-evoked relet*; of ennical acetylcholine |54| 
Reduced availability of acetylcholine in the synaptic cleft 
resulted in cognitive deficits f 701. However, post-training 
administration of t^-mcihylhisiamine and imetit failed 
to affect rat performance in the same behavioral task*, 
a»B8e«ing that H, rcceptor-induced modulation of cortical 
acetylcholine release influences the acquisition and not the 
recall process |7i|. Another histamine H, receptor 
atom*, immepip. impair animal performance In the 
olfactory, social memory lest, based on the recognition of 
a juvenile rat by a male, adult and Miually-experienced rat 
161]. Conversely. (/O-a-meihylhistamlne produced a bene- 
ficial effect in rodent xpaiul , carning and mem>ry 
using a water maze |72|. However. differences among die 
behav.oral tests used may explain this discrepancy. Indeed 
cojeci recognition, passive avoidance re.spon.se and the 
olfactory, social memory ,esi serve io measure a form of 
c P .sod,c memory, povxibly localized in the fromal cnricx 
\n\ and (he amygdala |74). whereas, spatial learning 
asvessed w, lh the water m i2e . i< a primary function of the 
rodent h.ppoc a mpus |75|. Lesions of the basslocortical 
system severely impaired <. 0 ; ec i recognition, passive avoid- 
ance response and the olfactory, social memory test, but 
only sl.ghtly disturbed water maze performance |761. 
*h.eh k exquisi.ely sensing to hippocampal lesions I77| 
In contrast to .be effects of H, recepior agonis.s. H, recep- 
tor amagon.sw appear to show beneficial effects on cognj- 

ex^rteTr" ™ ftpCram;de - H, receptor antagonist, 
exerted some procogn.t.v,- activity j„ , h e olfactory, social 
memory test fnl |. but othc, studies report tna, the presence 
of any learning or memory deficit is necessary to reveal a 
procogmnv. effect of H> receptor amagonisu. Thloper,- 
rn.de improved t h e response lu.ency 0 f senescence-acTctr- 

m ' K <mi « marked age- acceded 

de^oranor, ,n , c8rni „ E ^ ;„ * « 

3?'^ ; ' '"derive J*^^ J" 

of hiopcnirn.de (S mg/kg. ..p.) nr dobenpropi, (,5 mg/kc . 
.p.) I eked any proeogniiivc effect in control animals but i~n 
Ecopolamine-treatcd rats iC.2 me/ke i B i ^ . 
completely revved Ihe 

recogn.no> and a _ paaive avoiddnce rapon « "? 7 „ ^ 

uu mg/kg. ,. p .) f0 scopolamine- mpaired mice (i mtfYe 
up. .ucnuatcd only s, ight , v scopolamine's amnes e ?r£S 
. . Ihe eleven P lus-ma t e ,c« and the s.ep-through pa«ive 
avcdance .est ,67.7«.79), Differences between mice and 
rats may be responsible f.„ the lower efficacy of both Hi 



10$ 

however they may be due to the actions of histamine on 
any numher of transmkier systems and/or to an inta-insic 
procognit.ve role thai histaminergic neurons may have « 
well. Indeed, a beneficial effect on a s»r«,a m ine.induccS 
deficit is a concomitant observation, but does m prove in 
any way ,hat cholinergic neuron, are involved. Indepen- 
dently rrom the mechanism(s) involved. H, receptor antaeo- 

??-. m ?^n n0VC ' appr0ach 10 im P rov * c °8~'^ 
deficits [60.81 1. Th.s property should be particularly consid- 
ered since H, receptors showing pharmacological character- 
■slics .nd (unction, closely similar to those of ihe H, 

humuo brain |821. 



4. Histamine and attention-deficit hypentciiviiy disorder 



Atiennon-dcficii hyperactivity disorder (ADHD) is char- 
actered by psychomoior agiiacion. impulsive behavior 
hypcr B ct,v„ v . manention. learning disorders and disorca- 

Zl« haV,0r ° f °™ is cari >' chiI *«><J. but 

.ympioms contmuc ,o per.sis. In adolwcenes. often resulijnc 
«n academ,c. social an d emotional problems |83l The 

wiS°^nHn :,d,J ,! th00d Sl,0WS * nI 30 - 70 * of cliiwrem 

!h- WPer ' enCe pecsisto " VWoms of the 

condmon « adults f 84 , A genelic prediposjtion hsj ^ 

Sr?'! s" ' , . d0lOgy ° f ADHD - bul environmental 
facior, such as scooeconomic m composition. «n.c 

outcome |85 . In.eresi.ngly. many ADHD symptoms resem- 

Me prefrontal cortex dysfunction. Indeed, human, («Lm, 

nd animals 891 with prefron.al cortical lesions, especially 

hose mvolvmg the right hemisphere |90|. show ^ 

such as poor atleni.on regulation, disorganized behavior 

hyperactivity and impulsivity. which parallel ,hS 

observed in ADHD patients. More precise!, Sons 

nght orbita, prefrontal cone* «£ ^tSS?^ 

Psychomotor agi(a ,ion [9„. , nd , esions of , hc 

prefrom.1 cortex ,mpair attention f 92 | and inhLtion to 
*. racnng slimuIl , 93 ,. Morc0vef> a J«» 

funct on 94j but perform normally on teas of pane.al anen- 
■ona. ab-hues |95). confirms the implication'ofpr it , 
comca. mechanisms. Interestingly. tha right Lfl a 

« waller [9o,. aod (hc cerebra , g 
and postenor periventricular regions was lower [Si n 
ADHD patients than in age-matched controls ' 
Experimental evidence suggest* that ADHD symptoms 

nerg.c {98.101 j ln.asm.ss ion. end ADHD is eencrallv i»„ 
"d «<h psychostimulants, such as ZylpS^Z 
prtimo.es catechobminer.ic tonsmfaSoi The 1 

•be prefrontal cone* and caudate [102-1041. However ih* 
agents m ADHD put.cnts is u.ll unknown, and a mle of 
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• serotonin has also been claimed (105). Recently. a new 
model for undmtand.ng ADHD ha, been proposed which 
implies a hypothalamic dysfunction resulting in disturbance 
of the arousal level (1 06). 

As mentioned before, evidence from several laboratories 
indues that the histaminergic system h invt}|ycd in ^ 
lai.on of attention and vigilance, of cognition and of release 
of neurotranmuten. such a, acetylcholine, dopamine, nora- 
drenalme and serotonin (3. 107- 109). These findings may be 
relevant to our undemanding of ADHD. In this regard th* 
stud.es of Tcdford *nd his colleague* at Gliafcch L very 
■ntcrcsyng. Based on .he biochemical lime course develop* 
men l of the monoamine [110]. ,h,s group has estab- 

nhed la juvemle ra , p„ p modfi , pQssibly , 0 
l«IJ. Cogmnve impa.rmcnt have been reported in develop- 
ing rat pups fill], and attention deficit disorders wiih 

^i?,^' Um prDduced in various juvenile roi 
mode.s IM. ,2.1 13J. Juvenile roups' rae of acquisition 
of « muIlMnal step-through passive avoidance response was 

'rr^^T^ by P M - ff6ini "g administration of 
CT20I6 a selecvc H, receptor antogonist. at do.es 
that also paralleled conical H, receptor occupancv profiles 

M«nv? k^v CO,tiC1 " h,i, " minC rc,casc in v ™° ("41. 

of ADHD, improved acquisition in the learning impaired 
I ven.le rat pups similarly to GT20.6 (8,). n*i enSS 
g ng results ,n animal models awoi, validation with clinical 
touts iha. w.JI prove beneficial effects of H, receptor 
antagonists in the treatment of ADHD. 
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Abstract 

The aim of this review is to survey biochemical, electrophysiological and behavioral evidence of the interactions berween the 
cholinergic and tistudbfierBic systems and evaluate ihcir possible involvement in cognitive processes. The cholinergic system has 
Joojc been implicated in cognition, and (here is a plethora of data showing thai cholinergic deficits parallel cognitive impairment* 
in animal models Hnd those accompanying neurodegenerative diseases or norm el aging In Uumuru. Several other neurotransmit- 
ters, though, arc clearly implicated in cognitive processes and interact with the cholinergic system. The neuromodulator? effect 
thai histamine exerts on acetylcholine release is complex and multifarious. There is clear evidence indicating that histamine 
controls the rckitse of central acetylcholine (ACh) locally in the conex and amygdala, and activating cholinergic neurones in tha 
nucleus basalts nmgnocellularis (NBM) And the medial septal area-diagonal band thai project to the cortex and to the 
hippocampus, respectively. Extensive experimental evidence supports the involvement of histamine in learning and memory and 
the procognitive effects of H 3 receptor antagonirts. However, any h Kempt to strictly correlate cholinergic /histaminergic 
interactions wiih behavioral outcomes without taking into account the contribution of other neurotransmitter systems is 
iUegiiimatc. Our understanding of the role of histamine in learning and memory is nil! at ft? dawn, but progresses arc being made 
to the point of suggesting potential treatment strategies thai may produce beneficial effects on neurodegenerative disorders 
associated with impaired cholinergic function. © 2001 Elsevier Science B.V. All rights reserved. 

fCcywvrds: Acetyl choline; Histamine; Amygdala; Hippocampus; Cescbral corrox; Relcarc 



1 ~ Introduction 

The extensive loss of cholinergic neurons in the basal 
furcbrain, detected at autopsy [104] and, more recently, 
using chemical imaging [73], is the most salient oeuro- 
chemical feature of Alzheimer's disease [27], and has 
been linked to cognitive impairment [105]. Further- 
more, both cholinergic [32] and memory deficits [72] 
occur also in normaJ aging, although Lb esc dysfunctions 
differ qualitatively and quantitatively from those re- 
ported in AD. These observations, together with a 
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wealth of data showing that anticholinergic drugs, such 
as scopolamine and atropine, produced learning and 
memory deficits [25,35,44], have led to the cholinergic 
hypothesis of geriatric cognitive dysfunction [10]. As a 
result, much of the research on cognitive decline has 
focused on the role of centra] acetylcholine (ACh) [41], 
and rclaied treatment strategies have traditionally 
aimed at restoring the cholinergic neurotransmission. 
However, therapies with cholinesterase inhibitors or 
muscarinic agonises have been generally unproductive 
[69], being improvements of cognitive functions gener- 
ally modest and confined to a minority of patients, 
although whether such therapies provide protection 
against further cognitive decline is still being evaluated 
[103]. These drugs may disrupt the normal pattern of 
cholinergic transmission, thus blocking proper signal 
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processing. In addition, over the past decide much 
evidence has shown thai the /cholinergic hypothesis of 
learning 1 [10] is too reductiooistic. [58,112). Different 
pathological manifestations of AD, such as (J-amy- 
loidosis, presence of tangles and dystrophic neurites, 
synapse loss aod various neurotransmitters deficits ren- 
der unlikely that cholinergic dysfunction could account 
for all cognitive and non-cogniuve symptoms. Further- 
more, several neurotransmitters, including dopamine. 
GAB A ; noradrenaline, serotonin and histamine, are 
clearly implicated in cognitive processes and interact 
with the cholinergic system [33,99]. Sinct abnormalities 
of these n euro transmitter systems have been identified 
in Alzheimer's disease and aging (1 ,57], these alterations 
might well interact with those of ACh to cause additive 
or even synergistic effects on cognition. For instance, 
the role of serotonin in learning and memory has 
received much interest [76], although the data appear to 
be rather inconsistent [76]. Nevertheless, 5HT 3 antago* 
nisu seemed to improve the performance of rodents 
and priinaic in various cognitive tests [102]> possibly 
through modulation of cholinergic mechanisms [52]. 
Also dopamine, especially the mesocorucal system, is 
thought to have a crucial role in learning and 
memory [74J. Increased dopamine turnover in the pre- 
footal cortex impaired spatial memory per- 
formance [SS]. In the auditory cortex an increase of 
dopaminergic activity evaluated by microdialysis ap- 
peared to reflect the initial formation of the behav- 
iorally relevant association [120], and the phasic 
activation of mesocortical and mesolimbic doparniner- 
pc systems is dilTerentiaLy influenced by associative 
and uon associative learning mechanjgms [11]. His- 
tamine implications in learning and memory is sup- 
ported by extensive experimental evidence [94,124], and 
there is evidence that histamincrgic H ? receptor antago- 
nists facilitated memory acquisition [51]. potsibJy 
through cholinergic mechanisms [99]. Interestingly the 
effect of tacrine (l^J^teualiydroamino^-acridi- 
naminc), which alleviates AMeimer 's disease symptoms 
in some patients, may be partly due to multiple phar- 
macological mechanisms. Although protection of en- 
dogenous ACh is its most accepted mechanism of 
action, through acetylcholinesterase inhibition, tacrine 
was more potent to inhibit histamine* Af-me thy ltrans* 
ferase, the enzyme responsible for brain histamine 
metabolism, than Acetylcholinesterase [86]. The en- 
hancement of histamine brain level might ba related 
with the activity of tacrine in Alzheimer 's disease. Thus, 
the role of interactions between ACh and other neuro- 
transmitters affecting cognition is of considerable inter- 
est. This review focuses on interactionK between the 
cholinergic and the histarainergic systems and examines 
the possible role of such interactions in learning and 
memory. 



2. Modulation of hippucampal cholinergic tone by 
histamine 

The cholinergic system might be one of the most 
important modulatory neurotransmitter systems in the 
brain. It is distributed in a variery of different nuclei, 
two groups of which are localized in the forebrain. The 
nucleus basalis raagnocelhilaris (NBM) is the major 
source of cholinergic innervation to the neocortex, and 
the amygdala, whereas the medium septum-banda diag- 
onalb complex (MSA-DB) provides cholinergic input 
to the hippocampus [75,89.135]. Since degeneration of 
these two cholinergic pathways is the most consistent 
damage occurring in Akheiraer's disease [27]. a lar^e 
number Df studies have investigated the regulation of 
either NBM or MSA-DB cholinergic neurons. These 
neurons appear to be interconnected with several neu- 
rotransmitters, such as dopamine, noradrenaline, sero- 
tonin, GABA, opioids, galanin, substance P and 
angiotensin U [33]. There is also much evidence sug- 
gesting that histaminersjic system modulates both NBM 
and MSA-DB cholinergic pathways [13,100]. Tndccd, 
histaminergic cell bodies are exclusively localized in the 
lubCTomnmmillary nucleus of the hypothalamus- 
[97,131], from where they project efferent fibers, pre- 




Fifl. I. Schematic diagram or the sites at which cholincnjic/hijtamin- 
ergic interccions mi^ht occur. Three systems may be of special 
interest, the nucleus basalii magnoccllularis (>JBM)/conictil system, 
the NBM/amygcaloid a>ctexn and the medium sepram-banda (lago- 
nfilis (MSA-DB)/birpuouBpal system. Drug* acting at H, receptor* 
m»y tiffed cortical cholinergic Tone by intmctiflg with cholinergic 
jjcnkuryii in the NBM, whether directly or indirectly is not known 
yci. H 3 rtceptor agontxu or antagonists may tiffed die cholinergic 
tone in the amygdala at cholinergic Terminals level. They rosy aUo 
modulate the hirmccampil cholincrpe tone by interacting Wah 
cholinergic pcrihiryu in the MSA-DB, wheUier directly or indmtctly 
is not kr.own yet which. IIj receptor linxnds mny interact with 
QUtoreccpiont in the septum and ibe amygdala, thus modulating 
indirecUy the cholinergic tone in iftc amygdalu and the hippocampus. 
They may Also thus uffeci conical chol'mcr^k activity by acting ai 
postsynaptic Hi receptors toiaJtaed on GABAerpe neurons. 



j an /Co 



I. Btcciotiusi et ci /Buhflvhural Bruin ftdxtareh 12* (200J) J&3-I9* 



dominantly ipsilaterally and with multifold arbonza- 
tions, into the whole central nervous system, including 
Utie NBM, MSA-DB, amygdala, hippocampus and cere- 
bral cortex [64 : 96,123 ( 130J. Fig. 1 shows a schematic 
diagram oF the sixes at which cholinergic /htftamuiereic 
interactions might occur. 

Hippocampus has long been thought to be an impor- 
tant cortical region for associative learning and mem- 
ory. An early study indicated that ACh release from the 
CA1-CA3 region of hippocampus of ancstheti2cd rats 
could be modulated by endogenous histamine [83]. 
indeed, an electrical stimulation applied to the tubero- 
mammlllary nucleus greatly increased both histamine 
release from MSA-DB and ACh release from 
hippocampus. Similar results were obtained when the 
hypothalamus was perfused with a 100 mM potassium- 
containing medium [83]. ACh release was increased 
through the release of histamine, since both ACh and 
histamine eleciricaUy-evofccd releases were abolished in 
rats pretreated with tt-fluorotncthylhisudine, a suicide 
inhibitor of histidine decarboxylase. This enzyme is 
essential for histamine synthesis [71 J, and its blockade 
caused a complete depletion of neuronal histamine 
[332]. ACh elecmcally-elicited release was inhibited by 
systemic administration of zolnntidinu, an H 3 receptor 
antagonist 121], but not of pyrUamine. an H, receptor 
antagonist, thus indicating that activation of H ; recep- 
tors resulted in aja increase of extracellular level of 
hippocampal ACh [S3]. Stimulation of H 2 receptors 
released also endogenous noradrenaline from rat hypo- 
thalamic slices [16] and prolactin 134]. The implication 
of endogenous histamine was further supported by the 
observation that administration of th loperamide, an H 5 
receptor antagonist [4], increased, while that of R-a- 
methylrustaminc, an H 3 receptor agonist [4], decreased 
ACh spontaneous release from hippocampus [83]. In* 
deedL the Hj receptor was initially discovered on his- 
taminergic neurons as a presynaptic aiuorecepior, 
whose activation inhibited the release of histamine, and 
its blockade elicited an increase of histamine extracellu- 
lar levels [4,5]. 

Electrical stimulation of tuberomammillary nucleus 
enhanced liistumine release not only from MSA-DB, 
but also from hippocampus, thus indicating that it 
might act at both the cell bodies 2nd the terminals of 
the cholinergic system [83]. However, since the electrical 
stimulation elicited a response in histamine release from 
MSA-DB six-fold greater than that elicited from 
hippocampus, it is perhaps more likely that an interac- 
tion between histaminergic and cholinergic systems oc- 
curred in the MSA-DB complex. These observation* 
have been largely confirmed and extended, and it is 
clear yet that histamine exerts a ronic influence on 
hippocampal cholinergic activity only at MSA-DB- 
complex level. Iu fact, micro dialysis experiments have 
failed to show an effect of histamine, applied locally to 
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hippocampus, on extracellular level of hippocampal 
ACh [8]. In the extension of this srudy, histamine 
receptor-selective compounds were applied by retro- 
grade microdialysis to the MSA-DB area of the rat 
brain, and the effects of [his infusion on extracellular 
ACh in hippocampus were recorded with a second 
microdialysis probe [7]. Litraseptal administration of 
thioperajnide increased signiiicandy the spontaneous 
release of ACh from hippocampus of freely moving rats 
by up to about 100% [7]. Cimetidine, an H : receptor 
antagonist [38], Ailly antagonized the effect of thiop- 
eramide. Also cimetidine was administered locally into 
the septum [7]. Thus, assuming that intraseptal admin- 
istration of thioperamule produced an increase of en- 
dogenous histamine extracellular levels, this study 
further supports the suggestion that histajninergic neu- 
rons projecting to the septum [96] facilitate hippocam- 
pal cholinergic activity- The blockade of thioperamide 
effect on hippocampal ACh release by cimetidine sug- 
gests that endogenous bisumine Interacted with postsy- 
naptic H ; receptors, although it is not yet clear whether 
H 2 receptors are located on the septal cholinergic cell 
bodies, or on hypothetical neurons, which in turn facil- 
itate the release of hippocampal ACh. Also intraseptal 
administration of ciproxifnn, another H 3 receptcr an- 
tagonist [15], increased ACh spontaneous release from 
hippocampus of freely moving rats by about 100%, and 
its effect was fully antagonized by cimetidine [6], thus 
confirming the hypothesis that his nmin ergic efferents 
to the septum facilitate hippocampal cholinergic activ- 
ity through H 2 receptor activation. 

Electrophysiological findings indicated that histamine 
depolarized ' MSA-DB cholinergic neurons in a slice 
preparation of rat brain, producing an increase in 
sodium conductance which led these neurons to 
threshold for firing spontaneous action potentials [54). 
The effect was attributed to H, receptor activation, 
since it was significantly reduced by mepyramine (also 
known as pyTilamine) and promethazine [54], both H ( 
receptor antagonists [61]. However, the concentrations 
employed were very high, and the authors may have 
underestimated additional nonspecific properties of 
these two compounds 160]. Moreover, depolarization 
induced by . histamine was transient, being desensitiza- 
tion within seconds, its prominent feature and the 
excitation diminished despite continued application of 
histamine [54]. If the effect on ACh release was very 
rapid, it is possible that it became obscured during the 
attainment of the 20-mia perfusion' sample, thus ex- 
plaining why the biochemical studies mentioned above 
have faiJed to find an effect of H t receptor blockade on 
septohippocampal cholinergic activity. In contrast to 
earlier cited microdialysis studies, Dringenberg and col- 
leagues [36] demonstrated th.it systemic administration 
of mcpyramine caused a very large increase of ACh 
spontaneous releas; from hippocampus of urethane- 
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anesthetized rats, thus suggesting an implication also 
for K i receptors. The discrepancy between this study 
and Mochizuki's work [S3], which failed to show any 
effect of mcpyramine, may be related to differences in 
the doses used, 1 0-20 and 5 mg/kg, respectively. More* 
over, these H, receptor antagonists possess marked 
antimuscarinic properties [59,60]. and consequently 
their selectivity between the three different histamine 
receptors [61] does not guarantee an unambiguous 
characterization. 



3. Modulation of c-fox expression by histamine 

In addition to the effect on hippoeampal ACh re- 
lease, t 'fos immunoreactivity wus detected in the me- 
dial septum 90 rain after btraseptai administration of 
ciproxifan [6]. Signi ficandy feweT c-fes immunoreaoivc 
nuclei were seen in control. Also the effect of eiproxifan 
on c-fos expression was fully antagonized by cimctidinc 
[6]. Morphological features indicate that c-fos was ex- 
pressed in neuronal cells, but the type of neuron has 
noi been identified yet. The protoncogene c-fos is an 
immediate-early gene linked to genomic events in the 
cellular response to environmental signals [116], and 
has provided a useful marker for tracing the effects of 
pharmacological, electrical and physiological stimuli in 
the CNS [85]. Although increased hippoeampal ACh 
release and c-fos expression might be dissociated pro- 
cesses, despite the identity of the stimulus, these obser- 
vations may have implications for the treatment of 
disorders associated with impaired septo -hippoeampal 
cholinergic functions. 



4. Modnlarion of cholinergic tone in the cone* and in 
the amygdala by histamine 

In addition to the findings indicating interactions 
between histamine and the sepio-hippocampal choliner- 
gic pathway, there is also evidence that histamine may 
have a regulatory role on the release of ACh also in the 
NBM<ortical and the NBM-aroygdaJoid pathways. 
Two different laboratories reported that histamine in* 
hibited poussium-cvoked release of [ 3 K]-ACh from rat 
cortical slices preloaded with [ J H]-choline through acti- 
vation of H 3 receptors [3,23]. The effects of histamine 
and agents acting at histamine receptors on sponta- 
neous and potassium-evoked release of ACh were also 
investigated in vivo, using microdialysis to 3imult4* 
neously administer histamine and monitor changes in 
endogenous ACh release from, coriex of freely moving 
rats [14.15J. Histamine, administered locally into the 
cortex, failed to affect ACh spontaneous release. Con- 
versely, it inhibited concentnuion-dependently potas- 
sium-elicited release of ACh. The H, receptor agonists 



R-a-methylhistamiuc, imetit [46,62,126], and immepip 
[12B] mimicked the effect of histamine, showing a 
slightly greater potency than histamine [14]. Oppositely, 
neither 2-thiazolylethylamine [45], an agonist showing 
some selectivity for Hi receptors, nor the H ; receptor 
agonist dimaprit pg] modified potassium-evoked re- 
lease of ACh [14]. The inhibitory effect of 100 uM 
histamine, a concentration producing the maximal ef- 
fect [14], was completely prevented by histamine H 3 
receptor antagonists, such as clobenpropit (126] and 
thioperamide, but was resistant to antagonism by 
triproUdine [65) and. cimetidine, antagonists at his- 
tamine H, and H 2 but not tf 3 receptors [14,15]. Ail 
agonists and antagonists were administered locally, dis- 
solved into the perfusion medium. The concentration of 
potassium used in these studios, 100 mM. is only appar- 
ently high, for the low recovery of potassium through 
the microdialysis membrane [134], and the rapid dilu- 
tion of potassium in the extracellular space necessitate 
high concentrations in the perfusion fluid. In feet. 60 
mM potassium had only a slight effect on ACh release 
during brain dialysis [133], and perfusion of the cortex 
in vivo with 100 mM potassium evoked an increase In 
ACh release (14,15] similar to that obtained with incu- 
bation of conical slices in 20 mM potassium [23], H 3 
receptor -induced inhibition of potassium -evoked release 
of ACh was completely abolished in cortices in which 
the traffic of action potentials was blocked by tetrodo- 
toxin, a voltage-dependent sodium-channel blocker [14], 
Thus, H 3 receptors modulating ACh release are likely 
located neither presyoaptically on cholinergic nerve ter- 
minals, nor on n on- cholinergic nerve endings impinging 
on the former. They are most likely somatodendritic 
receptors on interneurons, the excitation of which pro- 
duced sodium-dependent action potentials th£t release 
an intermediary modulatory substance- Consistently, in 
synaptosomes of entorhinaJ cortex, the release of [ ? H]- 
ACh remained unaltered in the presence of two H 3 
receptor agonists [3], thus strongly suggesting thai H 3 
receptors modulating cortical ACh release are located 
postsynapticaily on intrinsic perikarya [3], Indeed, Hj 
receptors are not restricted to extrinsic histnminergic 
nerve endings [107], and H 3 receptor-mediated inhibi- 
tion of the release of neurotransmitters other than 
histamine has been described [113]. Moreover, lesion 
experiments demonstrated that Hj heteroreceptor num- 
ber present on intrinsic neurons or other target cells is, 
at least io some regions, much [jreatcr than that of 
autoreccptors [107]. Consistently, degeneration of 
perikarya by local infusion of kainatc strongly de- 
creased the number of H a receptors in the striatum and 
the cerebral cortex [26.107]. 

Recent microdialysis experiments demonstrated thai 
bicuculline, a GABA A receptor antagonist, ieverscd the 
inhibition of ACh release induced by immepip, an H j 
receptor agonist, thus suggesting a GABAergic involve- 



KJ ™' Qt 9S6ET£ZK0 : op n5aa »j 



but riot tint it aL / Beftodouraf Brpin Research 124 (2001) IS 3- 1 94 



merit [49], Furthermore, immcpip, at 6. concentration 
that produced a maximal inhibition of potassium- 
evoked ACh release [14] increased 100 mM potassium- 
evoked release of GABA from the cortex of freely 
moving rats by more than 50% [48]. Thus it is conceiv- 
able that H 3 receptors, localized postsynapticalry Dn 
intrinsic perikarya, facilitated GABA release, which, in 
turn, inhibited ACh release. The most simple hypothe* 
sis is that GABA activated GABA A receptors localized 
on cholinergic nerve endings, thus reducing ACh re- 
lease. Experimental evidence suggests that the cortical 
GABAergic system exerts a tonic inhibition of sponta- 
neous release of ACh from the cortex, tuid that this 
inhibitory tone is maximal [49]. This could elucidate 
why neither histamine nor either of H ? receptor ago- 
nists altered spontaneous ACh release [14], much of 
which is tetrodotoxin sensitive [14]. Under resting con- 
ditions, since the inhibition of ACh release caused by 
GABA is maximal, act) va tic a would have no effect 
on spontaneous ACh release. However, activation of 
H a receptors, by increasing the release of GABA, will 
antagonize the potassium-induced depolarization, thus, 
depress, at least partiaUy, potassium-evoked acetyl- 
choline release. Alternatively, another synaptic arrange- 
ment consonant with the lack of modulation of 
spontaneous release is that the activated intemeurons 
inhibit the release of an excitatory presynaptic modula- 
tor of cholinergic lamina!*. If this excitatory pathway 
were not spontaneously active, H 3 activation would 
have no effect on spontaneous ACh release. In the 
presence of potassium, this excitatory modulator would 
be released and enhance the depolarization-induced 
release of ACh. Activation of H 3 receptors would re- 
move this enhancement and partially, but not com- 
pletely, depress potassium-evoked ACh release. Cortical 
GABA intemeurons control the activity of large popu- 
lations of principal cells through their extensive axon 
arborization 142]. Therefore, any pathway, even if rela- 
tively sparse such as the histaminergic pathway, may 
cjcen a powerful effect on the activity of the cortex if it 
modulates the activity of local GABA intemeurons. 

His'tamineTgu; modulation of conical cholinergic tone 
appears to be complex and mulrifnceted, and consists of 
two components, one inhibitory related to local actions 
at the terminals, the other excitatory resulting from 
inter actions with cholinergic cell bodies in ihe NBM. 
Indeed, an electrophysiological study in guinea-pig 
basal forebrain slices, reporting that histamine depolar- 
ized NBM cholinergic mainly through H j receptor acti- 
vation [70], suggests that histarainerglc neurons might 
also facilitate cortical cholinergic release. An intact, 
whole animal approach yielded important insight into 
tile physiological role of histamine in modulating corti- 
cal cholinergic activity, rata were implanted with two 
microdyalisis probes; one in the NBM to deliver locally 
the different drugs; and the other in the cortex to 
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measure the output of ACh (22]. The administration of 
histamine into the NBM increased concentration-de- 
pendent the output of ACh from the cortex of freely 
moving rats by about 100% [22]. ACh release elicited by 
100 uM histamine was insensitive to blockade of H? 
and H 3 receptors by means of cimetidine and thiop- 
eraraide (22]. Conversely, triproiidine, an H , receptor 
antagonist, reduced significantly the effect of 100 *iM 
histamine [22]. Although, mechanisms concomitant to 
H, receptor activation cannot be excluded, both elec- 
trophysiological and biochemical findings indicate chat 
ru^tamine in the NBM facilitates the conical cholinergic 
activity, and strongly suggest that Hj receptor activa- 
tion is, at least in part, responsible for this effcci. The 
dual effect of histamine on conical cholinergic activity, 
excitatory at the level of NBM cell bodies, and in- 
hibitory at the level of cholinergic terminals (14,48], 
may have implications for the treatment of disorders 
esscciated with irn n sired cortical cholinergic functions. 

The amygdala is involved in the cognitive evaluation 
of the emotional content of complex cues, and acquisi- 
tion of characteristic responses to aversivc events de- 
pends on its integrity [122]. The basolatera] nuclei, 
which receive major inputs from cortical and subcorti- 
cal sensory areas [29], nlso receive cholinergic innerva- 
tion from NBM [7S] and histaxrrinergic innervation 
from the bypoihalamus [96]. Furthermore, autoradio- 
graphic and im mono hist ochemical studies have shown 
high densities of both H 3 [107] and muscarinic receptors 
in this brain region [127]. Modulation of cholinergic 
transmission in the amygdala may be important lor the 
acquisition or expression of relevant behaviors. Local 
administration of thJoperamide decreased significantly 
the spontaneous release of ACh from basolatera) nuclei 
of freely moving rats by about 50% [101]. This effect 
was fully blocked by cimetidine [101]. The inhibitory 
effect of thioper amide on ACh release may be ex- 
plained by an interaction with H-^ autoreceptors. Block> 
adc of these receptors caused an increase of 
extracellular levels of endogenous histamine [5], There- 
fore, this study suggests that activation of histamincrgic 
neurons projecting to the amygdala basolateral nuclei 
inhibits the cholinergic tone in this area. Postsynaptic 
H : receptors seem to mediate this effect, since pretreat- 
ment with cimetidine fully antagonised the effect of 
thioperarnide. Whether H 2 receptors arc located on 
cholinergic terminals, or on hypothetical intemeurons is 
not clear yet. 

5. Histamine and cognition 

Despite the complexity of the neuromodulator rela- 
tionship between cholinergic and histaminergic systems, 
a clear connection bctweeu histamine and learning and 
memory-related processes is provided by its involve- 
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meat in the induction of long term potentiation (LTP) 
in area CAl of rat Wippoeampal slices [19], LTP has 
been suggested to be the physiological correlate of 
memory formation [17], Histarrune.induced modulation 
of synaptic plasticity is not consequent to activation of 
classical histamine H„ H ; or H 3 receptors [\% but it is 
attributable to an interaction witb the polyainine-bind- 
ing sites on the NMDA receptor complex [12,129]. 
However, behavioral studies on animal models have 
provided extensive experimental evidence that the clas- 
sical histamine receptors are also involved in histamine 
effects on learning amd memory. For example, immedi- 
ate post-training adooinistnuion of histamine facilitated 
retention of a step-down inhibitory avoidance behavior, 
and this effect was antagonized by the simultaneous 
administration of both prometazine, ?ji H, receptor 
antagonist, and cimetidine. an H, receptor antagonist 
[30,31]. Consistently, histamine improved the response 
latency in a one-way active avoidance response of aged 
rats [124]. This effect was mimicked by H, receptor 
agonists, and antagonized by Hj receptor antagonists 
[124]. Aged animals are impaired in the acquisition of 
several learning procedures, such as both active and 
passive avoidance or maze learning [124], Central his- 
tamine receptors are implicated also by findings that 
oral administration of classical H ■ receptor antagonists, 
surh as mepyramine and promethazine retarded the 
acquisition and impaired the retention of acquired 
\t aiming in an active avoidance ta_sk, while H , receptor 
antagonists less liable to cross the blood brain barrier, 
such fis astemizole and oxatomide,, caused only a weak 
depression of the avoidance response [66]. Interestingly, 
histamine as well as acetylcholine antagonized the ef- 
fects of mepyramine [68], thus indicating that hixtamia- 
ergic and cholinergic central systems might exert a 
functional interaction in this behavior. In fact, although 
mcpymmine's ant muscarinic properties , are well 
known, it seems unlikely that they accounted for this 
effecu since the dose of acetylcholine required for pre- 
venting mepyra mine-elicited amnesia, was clearly very 
high, ten times higher than that able to antagonize the 
inhibitory effect of atropine [68]. In these studies his- 
tamine was always administered intracerebroventricu- 
larly, since this amine doesn't crosi the blood -brain 
barrier [55). It is, however, dubious whether or not 
injection of histamine truly reflects the actions of en- 
dogenous histamine in the brain. A possible answer to 
this question arises from investigations on the effects of 
L-histidine. In fact, histamine in. brain is formed from 
L-histidinc, which is taken up by an active process, and 
decarboxylated by a specific L-histidine decarboxylase 
(EC 4.1.1.22), which is not saturated under normal 
conditions [56]. Therefore, administration of L-histidine 
raised brain histamine levels [115]. Administration of 
L-histidine to hippocampus-lesioned rats amply in- 
creased hippocampal histamine content, and reduced 



significantly the icsion-induccd deficits of both acquisi- 
tion and retention of an active avoidance response 
[124]. L-Histidine also ameliorated learning deficits in- 
duced by scopolamine in mice exposed to an elevated 
plus-maze test [79], and was effective in improving rat 
learning performances in the olfactory social memory 
test [108], which is based on the investigation time of a 
juvenile rat by zn adult rat, and measures a form. of 
sbort-term memory 1125], These improvements of learn- 
ing behavior* were mediaied by newly synthesized brain 
histamine, since they were prevented by pretrcaiment 
with a-fluororaethylhistidine [79.124]. although periph- 
erally administered histamine was ineffective [79], 
Mepyramine antagonized L-histidine ameliorating ef- 
fects, thus confirming a role of central H ( receptors 
[79]. The blockade of L-histidine decarboxylase by ot- 
fluoromethylhistidine lowered histamine content in 
those cells, such as histaminergic neurons, where the 
amine nuned over rapidly [132). Administration of 
a-fluoromcthylhistidine produced a significant suppres- 
sion of memory retrieval and Learning acqui5itioa of 
active avoidance respond [67,124]. Interestingly, the 
duration of the response latency was highly correlated 
with the depletion of histamine content in specific brain 
areas, such as hippocampus and hypothalamus (67,124], 
It is important to remark that effective doses of ql*- 
fluorornethylhistidine failed to influence locomotor ac- 
tivity [67,93], thus supporting the hypothesis that the 
decrease of neuronal histamine was directly responsible 
for cognitive impairments. In contrast to the hypothesis 
that histamine improves cognitive function, other stud- 
ies implicate a negative role of histamine on learning 
and memory processes. Rats treated with ot- 
fluororaethylhistidine showed increased learning abili- 
ties in a maze paradigm, where they had to learn to 
avoid a foot shock [20], Moreover, localized histamine 
injections into rat hippocampus prolonged significantly 
the latency time to escape in an active avoidance re- 
sponse [2]. Recently, the effects of lesions of the tubero- 
mammillary nucleus on the performance of adult and 
aged rats in a set of cognitive tasks have been reported; 
in addition to a marked decrease in the number of 
hifitamincrgic neurons, these lesions produced an im- 
provement in every cognition test applied/and strongly 
diminished the age-related learning deficits [43], Since 
amplification of the reward after hypothalamic stimula- 
tion was demonstrated following bilateral lesions of the 
tuberomammiDary nucleus [63], one might suggest that 
ruberomammillary nucleus lesions facilitated cognition 
by enhancing the function of Lhe reinforcement system. 
Interestingly, the implication of these studies, that the 
histaminergic system might cxrrt an inhibitory tone on 
cognitive processes, could be readily integrated with 
finding* that brain histaminergic activity was higher in 
the elderly [109,110], and histamine content of rat brain 
increased with age [92]. In conclusion, a role of his- 
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tnmm p in learning and memory processes is highly 
probable, but at present experiment! evidence appears 
to be Inadequate to enable firm conclusions to be 
drawn on this role. The knowledge of the distinct and 
possibly opposing modulatory actions thai bistaminer- 
gic tuberomanimillary neurons might exert by activat- 
ing different receptor subtypes on specific neuronal 
networks involved in different learning processes may 
help resolve the controversy concerning its role in 
cognition. 

Promising data have been obtained with H 3 receptor 
antagonists, which have been found to improve the 
performance of rodents in various cognitive tests (Table 
1). Indeed, thioperamide. aji receptor antagonist, 
improved rat performance in the olfactory, social mem- 
ory test [108]. In rats, ciproxifan enhanced attention as 
evaluated in the five-choice task performed using a 
short stimulus duration [75], Ciproxifan is a potent and 
selective H 3 receptor antagonist, which, being orally 
bioavailable, appears promising for therapeutic applica- 
tions in aging disorders. Other studies, however, re- 
ported ihac the procognitive effects of H 3 receptor 
antagonists became fully evident only when behavioral 
deficits were pronounced. For example, while thiop- 
eramide improved significantly, the response latency in 
a passive avoidance response in senescence- accelerated 
mice (these animals showed n marked age-accelerated 
deterioration in learning tasks of passive avoidance), it 
was Ineffective in normal-rate aging mice [77j. Consis- 
tently, two H 3 receptor antagonists, thioperamide wid 
ebbenpropit [126], lacked any procognitive effect in 
control animals [51], but fully reverted rats cognitive 
impairments, measured in a passive avoidance response 
and object recognition, caused by injection of scopo- 
lamine (0.2 mg/'fcg, ip.) [SI]. Similarly, FUB 181, an- 
other H 3 receptor antagonist [119], significantly 
ameliorated performances of scopo to mine-impaired 
mice (0.S mg/kg, Lp.) in the elevated plus-maze test [91]. 
Other studies, however, reported that administration of 
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thioperamide or clobenpropit to scopolarnine-unpaired 
mice (1 mg/kg, t.p.) only attenuated scopolamine-in- 
duced impairments in the elevated plus-maze test and 
the step-through passive avoidance test, [80-82]. The 
use of a higher dose of scopolamine might explain this 
discrepancy. 

Object recognition and passive avoidance responses 
might involve cholinergic neurons of the NBM, since 
both tasks were impaired by the cholinergic antagonist 
scopolamine [40,118]. In addition, axon-sp3ring 
ibotenic acid bilateral lesions of NBM neurons, includ- 
ing the cholinergic ones, which provide the innervation 
to the cortex and to the amygdala [39,78], disrupted the 
perfommncc of rats in both tasks [9.37,95.106]. In fact, 
these paradigms serve to measure a form of episodic 
memory, possibly localized in the frontal cortex [53] 
and the amygdala [95]. Cognitive improvements pro- 
duced by administration of H 3 receptor antagonists 
might be the result of relieving the inhibitory action on 
cortical acetylcholine by local H 3 receptors (see Section 
4). A second potential mechanism that may have con- 
tributed to the effects cf Hi antagonists is the modula- 
tion of endogenous rustamiiie release. Endogenous 
histamine exerted a tonic influence on cholinergic neu- 
rotransmission, enhancing cholinergic activity at rhe 
level of cholinergic cell bodies in the basaJ forebrah 
[7,22,83], Thu* t H 3 receptor antagonists, by increasing 
the release of endogenous histamine, may facilitate 
cholinergic activity in brain areas crucial for cognitive 
functions. However, a beneficial effect on a scopo- 
lamine-induced deficit is a concomitant observation, 
but does not prove in anyway that cholinergic neurons 
are involved. Reversal of impairments observed in the 
above mentioned studies may be also due to histamine 
direct effects on cognition, and /or to histaminergic 
modulation of any number of transmitter systems. 
More persuasive evidence of a close relationship be- 
tween the cholinergic and histftmineTgjc system in learn- 
ing and memory is offered by the results of experiments 
with H 3 receptor agonists. Rat systemic pre-training 
administration of imctit and R-a-methylhistamine mod- 
erated potassium-evoked release of conical ACh and 
impaired performance m object recognition and a pas- 
sive avoidance response [14], The disruption of the 
cortical cholinergic system may account for the cogni- 
tive impairments, since reduced availability of ACh in 
the synaptic cleft appeared related to cognitive deficits 
[111]. The lack of effectiveness of the some doses of 
imetit and R-a-methylhistarnirie when administered 
post-training, suggests that the £T 3 receptor is involved 
in the acquisition but not the recall of this information 
[51]. However, ACh may control both acquisition and 
retention processes, since also post-training administra- 
tion of scopolamine resulted in animals exhibiting sig- 
nificantly shorter escape latencies during & passive 
avoidance response, and spending similar amount of 
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time exploring new and familiar objects [51]. Therefore, 
the impairment of cognition by H 3 receptor agonists is 
unlikely attributable solely to the modulation of corti- 
cal acetylcholine. One might envisage mechanisms other 
than the cholinergic one, and the finding that R-a- 
methylhistarninc improved rodent spatial learning and 
memory, assessed using a water nw.i: [117], supports 
this contention. Spatial learning is a primary function 
of the rodent hippocampus [90], and the water maze 
test is exquisitely sensitive to hippocampal lesions [$7], 
but Hj receptor stimulation is expected to decrease 
hippocampal cholinergic activity [6,7]. 

6. Conclusions 

For the complexity of the neuronal networks in the 
brain, it seems naive to assume that only one neuro- 
transmitter, namely ACh, regulate* such a complex 
mechanism as learning and memory. Other neuroiranw 
miner systems have been implicated in these processes, 
Decker and McGaugh [33] suggested a model in which, 
although ACh has a central role, interactions with 
other neurotransmixters, such as dopamine, GABA, 
noradrenaline, are essential for the formation of rnem- 
. ory. This hypothesis is supported by several studies 
[18,52,1 12,121]. However, the modulation of the cholin- 
ergic pathways by other neurotransmitter systems, and 
the importance of the cholinergic system as n final 
effector in learning and memory, still needs to be 
defined. The aim of this review is to critically assess 
biochemical, electrophysiological and behavioral evi- 
dence of interactions between the cholinergic and the 
histiminergic systems, and to examine the possible role 
of such interactions in learning and memory. Biochemi- 
cal as well as electrophysiological evidence indicates 
that ACh/histamine interactions appear to be complex 
and multifaceted (Fig. 1). Histamine activates cortical 
H ? receptors, which are likely located on GABA 
internenrons, and inhibits the release of cortical ACh 
through a GABAcrgic mechanism (14.48,50} On the 
other hand, histaminergic projections to NBM exert a 
tonic influence on cortical cholinergic activity, depolar- 
izing cholinergic cell bodies through activation of H x 
receptors [22,70], thus increasing ACh release from the 
cortex (22). Conversely, activation of histaminergic neu- 
rons projecting to the basolatcral nuclei of the amyg- 
dala inhibits the cholinergic tone in this area, and 
postsynaptic H a Tcceptors seem responsible for this 
effect [101]. Finally, histamine effects on hippocampal 
cholinergic activity may involve actions at different 
anatomical locations, Local administration of histamine 
failed to affect ACh release from hippocampus, but 
M5A-DB endogenous histamine facilitates hippocam- 
pal cholinergic activity through activation of postsy- 
naptic H 2 receptors possibly localized on septal 
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cholinergic perikarya [6,7,83]. It is obvious that any 
attempt to strictly correlate physiological data with the 
outcome of behavioral tests is destined to foil. In sev- 
eral circumstances, though, one may envisage possible 
scenarios to account for the memory improving or 
impairing effects of histaminergic compounds in terms 
of modifications of ACh release. As ajj example, the 
depressant effect of H, antagonists on active avoidance 
response seems consistent with the action of H i recep- 
tors on NBM cholinergic neurons. A potential mecha- 
nism that may contribute to pr ©cognitive effects of H » 
antagonists is the modulation of endogenous histamine 
release, which is under an inhibitory feedback control 
by H 3 autorcccptors [5.&4J. Endogenous histamine ex- 
erts a tonic influence on cholinergic neurotransmission, 
enhancing cholinergic activity at the level of cholinergic 
cell bodies in the NBM and MSA-DB [7,22,83]. Thus 
H 3 receptor antagonists, by increasing the release of 
endogenous histamine, may facilitate cholinergic activ- 
ity in brain areas crucial for cognitive functions. It 
fcbould be kept in mind, though, that the iystemic 
administration of these histaminergic compounds can 
not account for a selective action on restricted brain 
regions. The scenario is certainly more complex; indeed, 
R-at-methylhistamirc-induced improvement of rat per- 
formance in a water maze test [117] calls for a different 
explanation v than simple ACh/histamine interactions. 
R-at-methylhistamine modulates, in addition to ACh.. 
the release of cither 5-FfT or noradrenaline [114], and 
each of these transmitters has been shown to alter 
performance in a variety of cognitive tests [33]. There- 
fore, the possibility that at lease some cognitive effects 
of histamine and histaminergic agents occur indepen- 
dently of ACh, cannot be excluded. It is also important 
to note that cognitive tasks don't necessarily imply that 
all behavioral changes should be interpreted in terms of 
learning and memory, since the link between the behav- 
ioral change and a cognitive process is not a one-to-one 
relationship. For instance, in a water male test, escape 
latency may reflect not only the ability to learn the 
position of the bidden platform, but also exploratory 
aspects of the behavior. 

While our understanding cf the histanunergic system 
and its role in learning euid memory is far from com- 
plete, we have progressed to the point where it is 
possible to address the importance of treatment strate- 
gics that, taking advantage of non-cholinergic drugs 
that potentiate cholinergic functions, may produce 
beneficial effects on disorders associated with impaired 
cholinergic functions, such as Alzheimer's disease [24], 
This indirect approach appears preferable over choli- 
nomimetic strategies. In fact, cholinergic drugs used in 
most clinical trials huvc resulted in greater stimulation 
of inhibitory auioreceptors either by increasing the 
half-life of acetylcholine in the synaptic cleft [2S] or by 
directly activating these receptors due to the poor selec- 
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tivity of the ngonists available (47]. Indirect stimulntion 
of residual cholinergic neurons may be achieved with 
appropriate phaimacoiogicaJ intervention. Thus, H 3 re- 
ceptor antagonists could correct die deficits resulting 
from cholinergic hypo function, and provide a novel 
approach w improve cognitive deficits. 
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1 • Histamine in the CNS 

1 ■ 1 Synthesis and Metabolism 

Histamine, noradrenaline (norepinephrine), do- 
pamine ar.d serotonin (5-hydroxytryptamine; 5-HT) 
are biogenic amines found in the CNS, which are 
symhes,sed from precursor aromatic amino acids 
»>e esseniial aromatic amino acids are: (i) tyrosine:" 



(ii) tryptophan; and (iii) L-histidine. Histamine is 
synthesised from L-histidine. a reaction catalysed 
by histidine decarboxylase (see fig I) f • . — 1 

b.o!!i S I amine : ' ike d T m,ne - Can " 0t P enetrate *e 
blood-bra,- barrier."! However. L-histidine can 

easily enter the brain where it is converted to hista- 
mine. In the mammalian brain, histamine is inacti- 
vated by histamine A'-methy I transferase to produce 
A«-me.hyl-his t amine..' -2. This product is subsequ- 
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Fig. i. Main metabolic pathway of histamine in the brain. Meta- 
bolic and catabolic enzymes are shown on the left and inhibitors 
of these enzymes in boxes on the right of the figure. 



ently oxidised by monoamine oxidase and alde- 
hyde dehydrogenase to A^-methyl-imidazole acetic 
acid (fig. 1). 

1 .2 Histamine Receptors 

There are several subtypes of histamine recep- 
tors J 4 ' It is well known that histamine H, receptors 
are involved in the induction of allergic reactions 
and that H 2 receptors mediate the secretion of gas- 
tric acids, both effects occurring in peripheral tis- 
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sues. H, and H : receptors also exist in the CNS and 
are locaied postsynapiically.' 1 *-' Recently, it has 
been suggested that presynaptic autoreceptors 
regulate the synthesis and release of neuronal his- 
tamine (fig. 2).'- V6J 

1.3 Histaminergic Pathways and Function 

In the 1970s, histamine was hypothesised to be 
a neurotransmitter or neuromodulator in the mam- 
malian brain.' 71 " This was based on the finding that 
histamine and histidine decarboxylase are non- 
uniform^ distributed in the brain. In the l9S0s. 
Watanabe et al.J '»l Panula et alJ 1 1 ' and Steinbusch 
et al.' 12 ' immunohistochemically demonstrated in- 
dependently the existence of histaminergic neu- 
rons in the brain, using antibodies against histidine 
decarboxylase and histamine as markers. 

Histaminergic neurons in the tuberomammill- 
ary body nucleus of the posterior hypothalamus 
send efferent fibres of varicosity to almost all parts 
of the brain, from the olfactory bulb to the spinal 
cord (fig. 3). Consistent with this widespread pro- 
jection, histamine affects a variety of brain activi- 
ties such as: 

• arousal state 

• energy metabolism 

• locomotor behaviour 

• feeding behaviour 

• the neuroendocrine system 

• autonomic function 

• regulation of pain. I 2 -'- 1 - 1 *! 

The extensive nature of histaminergic neurons 
has resulted in the suggestion that they are involved 
in maintaining homeostasis in the brain as a 
whole.' 2 - 13 - 1 *! 

1 .4 Central Histaminergic System and 
Seizure Susceptibility 

It has been suggested that biogenic amines such 
as noradrenaline and serotonin are involved in the 
inhibition of convulsions." 7 - 19 ! In 1976. Gerald and 
Richter' 20 ! reported that some histamine H| antag- 
onists could lower seizure susceptibility induced 
by electrical and drug insults in mice. More re- 
cently, Tuomisto and Tacke' 2 '! showed that meto- 
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Fig. 3. A sagittal diagram of the histaminergic neuron system in the rat brain. Arrows indicate the fibre projections from cell bodies 
in the tuberomammillary body nucleus of the posterior hypothalamus, which are subdivided into 5 groups, E 1 to 5. Abbreviations- 
Cb = cerebellum; Cx = cerebral cortex; lc = inferior colliculus; Ob = olfactory bulb; Sc = superior colliculus; Sp = spinal cord- 
Str = striatum; Thai = thalamus. 



rats. 1241 receptor antagonists, which enhance 
endogenous histamine release in the brain, had an 
anticonvulsant action against electrically induced 
convulsions in mice.' 35 - 26 ' lntracerebroventricular 
injection of histamine or a H i receptor agonist also 
decreased seizure susceptibility.' 271 

However, it was reported that H ( receptor antag- 
onists did not affect the seizure susceptibility of 
mice at doses that specifically blocked the recep- 
tors. 1281 Interestingly, in another study, these com- 
pounds did not affect the seizure susceptibility of 
electrically induced convulsions in 42-day-old 
(equivalent to adolescent age) mice, 129 ' but in- 
creased seizure susceptibility in 2 1 -day-old (equiv- 
alent to preschool age) animals. ' 291 In addition, the 
effects of other histamine-related agents such as 
L-histidine and a-fluoromethyl-histidine were 
much greater in 2 1 -day-old than in 42-day-old 
mice.' 291 These findings suggest that the anticon- 
vulsant action of central histaminergic neurons is 
physiologically important in the developmental 
period. 

These experimental findings strongly suggest 
that endogenous histamine plays an important role 
in the inhibition of seizures through H t recep- 
tors, 12 - 14 - 15 - 20 - 22 * 27 ' and that this effect is particularly 
important in the developmental period.' 29 - 30 ' 



2. Histamine Hi and H2 Receptor 
Antagonists and Seizures 

2.1 Histamine Hi Receptor Antagonists 
2.1.1 General Issues 

H 1 receptor antagonists are widely used as nasal 
decongestants and anti-allergic agents. 131 1 It has 
been proven that these drugs have a wide margin 
of safety, although they often lead to drowsiness 
and impairments of performance.' 321 These sedative 
adverse effects are considered to be due to the an- 
tagonism of Hi receptors. 132 ' 

H| receptor antagonists occasionally induce 
convulsions in healthy children and patients with 
epilepsy. 133 " 35 1 Tripelennamine and diphenhydra- 
mine have been shown to produce epileptic dis- 
charges on the EEG and clinical manifestations of 
psychomotor seizures in patients with epilepsy. 134 ' 
Diphenhydramine, methapyrilene. tripelennamine 
and mepyramine occasionally produce convulsions j 
and lethal toxic encephalopathy with convulsions. \ 
especially in children under the age of 2 years. ,35 - 36 ' ! 
Phenylpropanolamine is a component of some 
over-the-counter (OTC) preparations. Although it 
does not have effects at histamine receptors, it has 
been reported to induce unexpected convulsions 
when combined with antiasthmatic agents that act 
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at these receptors. '^-^l The combination of phenyl- 
propanolamine and antiasthmatic drugs resulted in 
more proconvulsant effects than when the drugs 
were given alone. More recently, Yasuhara et'al.' 39 ' 
reported that 2 infants developed West syndrome, 
age-dependent intractable epilepsy, after they were 
treated for an allergic disease with ketotifen for 
about 2 weeks. '-^ Although it is impossible to 
evaluate the relationship between ketotifen and 
West syndrome, it is very indicative, considering 
that the hisiaminergic neuron system is involved in 
inhibition of convulsions. 

These drugs have several pharmacological ac- 
tions thai lead to adverse effects, such as anticho- 
linergic and anlidopaminergic actions, in addition 
to their antihistaminergic action. Thus, the unex- 
pected proconvulsant property of the drugs was 
initially believed to be mainly due to an anticho- 
linergic action. However, mepyramine is known 
to be a more selective H t antagonist than other 
classical antihistamines. 141 ' 1 Furthermore, ketotifen, 
which has little anticholinergic action, also induces 
convulsions in epileptic children. 141 1 These reports 
indicate that the blockade of H| receptors may be 
responsible for the induction of convulsions in 
healthy children and epileptic patients. 

Table ! summarises the reports of antihistamine- 
associated convulsions. These drugs are categor- 
ised into 2 groups: (i) classical antihistamines and 
(ii> the new generation of Hi antagonists that are 
known as anti-allergic agents, such as ketotifen. 
Clinicians tend to forget that the latter possess a 
potent Hi receptor blocking action. For example, 
ketotifen has a much more potent H ( receptor 
blocking action than J-chlorphenamine ^-chlor- 
pheniramine). 1421 Although all H| receptor antago- 
nists are probably capable of inducing unexpected 
convulsions, particular caution should be applied 
to the use of promethazine, carbinoxamine, mepyra- 
mine and ketotifen. 14,1 This is because these drugs 
possess more potent Hj blockade action and are 
reported more frequently to induce convulsions 
than other H| antagonists. 



2. 1.2 Febrile Convulsions 

It is well known that the period of highest risk 
for convulsions in humans is childhood.' 441 with 
the most frequent convulsions in children being 
febrile convulsions. Recently, it was reported that 
sympathomimetics' 451 and potential proconvulsants. 
such as antihistamines, 1431 should be used with cau- 
tion in children, as they are a risk factor for febrile 
convulsions. These drugs are widely used as com- 
ponents of OTC medications to treat rhinorrhoea. 
According to our retrospective study.' 4 "- 4 -* 1 ' use of 
antihistamines such as promethazine and carbin- 
oxamine was one of the risk factors for febrile con- 
vulsions. As a result, antihistamines are best 
avoided in children of preschool age who have a 
past history of convulsions. Further prospective 
study is required to assess the relationship between 
antihistamines and febrile convulsions. 

2. 1.3 EBG Activation Studies 

Antihistamines can be used during EEG moni- 
toring. Diphenhydramine 146 ' and tripelenna- 
mine 147 ' were used to elicit epileptiform activities, 
having effects in epileptic, patients but not in 
healthy individuals. Such 'activation' methods 
were reported to be very helpful in establishing a 
diagnosis of epilepsy.' 47 ' However, these drugs are 

Table I. Antihistamines that have been associated with convulsions 



Reference Year of study Drug 



Churchill & Gammon 134 ' 


1949 


Diphenhydramine 






Tripelennamine 


Wyngaarden & 


1951 


Diphenhydramine 


Seevers 135 ' 




Methapyrilene 






Tripelennamine 






Pyranisamine 






Promethazine 


Schwartz & 


1978 


Mepyramine 


Patterson 1361 




(pyrilamine) 


Yokoyama et a1. ,41 > 


1993 


Ketotifen 


Ohsawa et a!.* 


1994 


d-Chlorphenamine 






(^-chlorpheniramine) 


Kon et al • 


1995 


Hydroxyzine 


Yokoyama et at.;' 431 


1996 


Clemastine 


Takeuchi et a!. 1 






Yokoyama et al.;' 43) 


1996 


Cyproheptadine 



Takeuchi et al* 
a Personal communication. 
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pnne. an inhibitor of histamine yV-methyl- 
transferase which increases brain histamine levels 
inhibits maximal electroshock seizures in rats 

Blockade of H, receptors was suggested to be 
important >n lowering the seizure threshold in the 
pentetrazole (pentylenetetrazole) seizure model in 
mice.'--' L-histidine increases the levels of hista- 
mine in the brain and decreases susceptibility to 
electrically induced convulsions in mice 



in contrast, oc-fluoromethyl-histidine. a specific 
mh.b.torof histidine decarboxylase thai decreases 
brain histamine levels, has been shown to increase 
seizure susceptibility in an animal model r.M Also 
the anticonvulsant action of L-histidine was ant- 
agonised by H, receptor antagonists. 12 - 1 ! 

Furthermore, regional brain histamine levels in 
genetically epilepsy-prone rats were found lo be 
lower than .hose of genetically epilepsy-resistant 



Nerve terminal of 
H 3 antagonist J histaminergic 
A neuron 
H3 agonist y 



Histamine H3 receptor 



Interneuronaf space 




Hi agonist J, 
Hi antagonist f 
Histamine Ht receptor 



j^n^ ,H is ,id,e ( a precursor o( hislamine) and 

in contrast, a-fluoromethyl-histidine (FMH, an inhibi o"o?^^ 

increase ,n se-zure suscep.ibiiir, Histamine and J^h^M^"' dSCreaSeS hiS,amine ,evels and ~use S an 
H, receptor antagon.sts increased it. H, receptor P J ag °"' StS deoreas e seizure susceptibility whereas 

suscepUbrtity that is mediated via H, receDtors a,ZT increase endogenous histamine release and decre«»H " ereas 

methyltransferase; ♦ indicates *'* eva " ons HDC = histidine decarboxylase HmT-k.Z1 * 
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now considered to not be selective for H , receptors. 

We reported on an activation studv using d- 
chlorphenamine H' ^l ^-Chlorphenamine is more 
selective for H , receptors than other H, antagonists 
that are available for intravenous injection (in Japan). 
The procedure for the activation studv has been 
described previously.' 4 1 ' In short, patients are intra- 
venously administrated </-chlorphenamine at a rel- 
atively low dose (5 mg/dose in adults). This dose 
is chosen because it has been proven to completely 
block central H, receptors, as assessed using posi'- 
tron emission tomography (PET) in humans. I 48 ! 
The administration of ^-chlorphenamine signifi- 
cantly increased EEC epileptic discharges in pa- 
tients who had convulsions induced by H, antago- 
nists. This activation study is useful for the follow^p 
of these epileptic patients. !4, - J1 l 

Epileptologists should be aware that drugs that 
block H, receptors occasionally produce^iatro- 
genic seizures in children and patients with eoi- 
lepsy. , - 1, - 1 * , -- ,8 - 4, - 4 - , -' l - s -^l 

2.1.4 Other issues 

r+hmdinaemia is one of the inborn errors of 
amino acid metabolism and was first described by 
Ghadini et al.' 5 °l It is caused by a defective de- 
crease in the activity of histidine deaminase (histi- 
- dase), a enzyme responsible for the metabolism of 
histidine in peripheral tissues. Brain histamine lev- 
els in patients with histidinaemia are much higher 
than in healthy individuals.' 51 ' A follow-up study' 52 ' 
revealed that the incidence of convulsions in pa- 
tients with histidinaemia during childhood was 2% 
(35/1535). In the 1970s, surveys of the incidence 
of febrile convulsions in Japanese children under- 
going a medical check at the age of 3 years old 
showed that the incidence of convulsions of a non- 
selected population was 7.5% (1340/17773). I«l 

histidinaemia -is 3i g nifiefl»Uy-4t»w^r^an^aiJn 
healthy-individuals. This finding is consistent with 
the hypothesis that histamine is an endogenous 
anticonvulsant.' 21 - 2 - 1 - 24 ! 

PET makes it possible to localise and quantify 
neurotransmitters and their receptors.' 53 ! For exam- 
ple, opioid receptors' 54 ! and benzodiazepine recep- 
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tors' 55 ' have been measured in patients who have 
epilepsy. The localisation and binding potentials of 
H, receptors were also measured in patients with 
localisation-related epilepsies using ["CJdoxepin 
PET (doxepin is a potent H, receptor antagonist, 
and the mapping of binding sites using doxepin 
PET^was very similar to that of inepyramine 
PET |4S h. The binding-potential of H, receptors in 
epileptic foci was 10 to 50% higher than that of the 
onaffected side of the brain. ^ The increase in H, 
receptor binding in epileptic foci correlated in- 
versely with a decrease in glucose metabolism.' 57 ! 
This finding also directly indicates that the central 
histamine neuron system is involved in epilepsies 
that are mediated through H, receptors. However 
whether these changes in H, receptors are causal in 
epilepsy or merely secondary (i.e. induced by epi- 
lepsy) is still unknown. 

2.2 Histamine H 2 Receptor Antagonists 

H 2 receptor antagonists are widely used in pa- 
tients with gastrointestinal diseases. These drugs 
have also been reported occasionally to induce con- 
vulsions,' 58 - 61 ! in conjunction with other neuropsy- 
chiatry symptoms such as confusion, hallucina- 
tions, delirium, agitation and excitation.' 58 61 ' The 
effects usually occur in elderly, critically ill and 
polymedicated patients, or in patients with chronic 
renal or hepatic failure.' 61 ' A study has reported that 
the adverse CNS effects of cimetidine are related 
to the blood concentration of metabolites, but not 
to that of the parent drug. 162 ' 

Experimental studies confirmed that there are 
no relationships between convulsions and H 2 re- 
ceptors.' 22 ^- 2 *- 2 *! H 2 receptor agonists and antag- 
onists did not affect electrical- and drug-induced 
convulsions in mice and rats.' 22 - 23 - 27 - 29 ' Therefore, 
it is difficult to ascertain the direct relationship be- 
tween convulsions and the blockade of H 2 recep- 
tors.' 6l «l Experimental studies suggest that H, re- 
ceptors play no physiological role in the inhibition 
or induction of convulsions. 

Nevertheless, clinicians should be aware of the 
neuropsychiatric adverse effects of H 2 receptor an- 
tagonists in certain patient populations. 
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3. Histamine H 3 Receptors 
and Seizures 

3.1 Histamine H 3 Receptors 

Arrange! al.l'l reported evidence of a local feed- 
back mechanism that regulates the release and syn- 
thesis of histamine through a presynaptic auto- 
receptor designated to be of the H, subtype (fio 2) 
These authors also showed thai /?-a-methyl-hista- 
m.ne and thioperamide are specific asonists and 
antagonists of H, receptors, respectively.'*' R. a . 
methyl-histamine induces a decrease of histamine 
turnover, whereas thioperamide induces a pro- 
longed mcrease of histamine turnover, indicated by 
changes in the content of histamine and /V-n>ethyl- 
histamme ,n the cortex of rats."*' Mochizuki et 
al observed an increase in endogenous histamine 
release by microdialysis techniques in the brain of 
rat;, after administration of thioperamide Thev 
suggested that presynaptic control mediated through 
the H, autoreceptor is a major regulatory mecha- 
nism of histaminergic neuron activity 1*^1 

There have also been many indications of the 
interrelations between H, receptors and Various 
other neurotransmitters and neuromodulators It is 
suggested that H, receptors, as heteroreceptors 
can modify the release of other neurotransmitters' 
such as noradrenaline,'"! serotonin'* 6 ' and acetyl- 
choline.' 67 ' On the other hand, glutamate. aspartate 
acetylcholine and met-enkephalin stimulate hista- 
mine release, while y-aminobutyric acid (GABA) 
substance P and adenosine inhibit its release l«i 
The interact.ons of these transmitters with their re- 
spect.ve receptors should be considered in future 
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3.2 Histamine H 3 Ligands and Seizures 

As described in sections I A u„d 2. 1 . the stimu- 
lation ol H, receptors is involved in the inhibit j„ n 
ol seizures. Thus, it is possible that H, rccep.or 
antagonists could have anticonvulsive actions 
This would occur via the induction of an increase 
■ n histamine release, with the released histamine 
stimulating H, receptors. Indeed. H-, receptor nn- 
tagon.sts such us thioperamide, clobenpropi, and 
AQ-0145 (see fig. 4) decreased seizure susceptibil- 
ity in a mouse model of electrically induced con- 
vulsions <-^l However, in another s.udv. thioper- 
amide did no, affect the seizure susceptibili.v of 
mice.'--' These conflicting data resulted from the 
differing drug administration schedules used in 
these experiments. Thioperamide and clobenpropii 
showed anticonvulsive activity at 60. but not 10 
minutes post-administration.'---^! At a dose 
01 100 mg/kg. AQ-0145 inhibited elcctro- 
shock-induced convulsions in 3 of 6 mice "' g ' 
Thioperamide (30 mg/kg) and clobenpropii (3 to 
10 mg/kg) also significantly inhibited maximal 
electroshock seizures (personal unpublished ob- 
servations). 

The anticonvulsive effects of H, receptor antag- 
onists were much stronger than those of hid, doses 
of H, receptor agonists. Therefore, the interaction* 
between H, receptors and other neurotransmitters 
and their receptors are suggested to be important 
■ n regulating seizure susceptibility,"" and further 
studies on this aspect of H, receptor liaands is war- 
ranted. 

Considering that H, receptor antagonists induce 
arousal patterns on the EEC these druas may 
represent a new generation of antiepilepiic dru*s 
thai lack the sedative effects of convention;! 
agents.'"-'*' Research into the use of H, receptor 
antagonists is still very preliminary, but thioperam- 
ide. for example, is expected to be useful for the 
therapy of narcolepsy and dementia. Specific H, 
receptor ligands should be helpful in further stud- 
ies and have recently become available.' 7 "' 
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4. Conclusions 

Histamine H ■ receptor antagonists occasionally 
induce convulsions in healthy children and patients 
with epilepsy. In particular, phenylpropanolamine, 
promethazine, carbinoxaminc. mepyramine and 
kciotifen should be used with caution in these pa- 
tients. The use of an activation study using t/-chlor- 
phenamine with EEG monitoring is useful in deter- 
mining if these patients are susceptible lo seizures 
induced by H) receptor antagonists. These clinical 
findings on the relationships between H ( receptor 
antagonists and convulsions were confirmed in an- 
imal experiments. 

Hz receptor antagonists have also been reported 
occasionally to induce convulsions, which usually 
occur in conjunction with other neuropsychiatry 
symptoms such as confusion, hallucinations, delir- 
ium, agitation and excitation. These CNS adverse 
effects induced by H : receptor antagonists have oc- 
curred in critically ill and polymedicaied patients, 
or patients with chronic renal or hepatic failure. How- 
ever, there are no theoretical explanations for the 
relationship between the blockade of H^ receptors 
and convulsions. 

Several experimental studies have indicated that 
Hy receptor antagonists show a potent anticonvul- 
sive action against electrically induced convul- 
sions in mice. Considering that these drugs induce 
arousal patterns on the EEG, they may develop into 
a new generation of nonsedating antiepileptic 
drugs. However, investigations into H* receptor an- 
tagonists are still in very preliminary stages. 
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Summary 



Toxoplasmic encephalitis is a very common opportunistic infection in patients 
with AIDS (occurring in 5 to 15% of cases). It is the most frequent CNS mani- 
festation in patients with previous Toxoplasma infection, as determined by the 
presence of specific antibodies. 

A diagnosis of toxoplasmic encephalitis should be suspected in patients who 
present with clinical symptoms such as fever, headaches or any neurological 
abnormalities associated with the presence of intracerebral abscess on comput- 
erised tomography scans and/or magnetic resonance imaging. Early diagnosis 
leading to early treatment is the best prognostic factor for this treatable, but 
severe, disease. 

The diagnosis is assessed by the response to therapy with a combination of 
pyrimethamine (50 mg/day) and sulfadiazine (4 g/day). which should lead to 
improvement within 5 to 1 0 days. The duration of acute therapy should be 3 to 6 
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Abstract The aim of this review is to provide clinicians with a picture of the mechanisms 

by which: (i) histamine and histaminergic agonists act on the vestibular system 
both peripherally and centrally; and (ii) histaminergic agonists and antagonists 
interfere with the recovery process after peripheral vestibular lesion. We have 
focused on betahistine, a structural analogue of histamine with weak histamine 
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Hi receptor agonist ;tnd more potent hh receptor antagonist properties, to review 
the curt em I > available data on the role of the histaminergic system in the recovery 
process alter peripheral vestibular deficits and the effects of histamine analogues 
in the clinical treatment of vertigo. 

This review provides new insights into the basic mechanisms by vvhich beta- 
hisiine improves vestibular compensation in animal models of unilateral vestib- 
ular dysfunction, and elucidates particularly the mechanisms of action of this 
substance at the level of the CNS. 

It is proposed that betahistine may reduce peripherally the asymmetric func- 
tioning of the sensory vestibular organs in addition to increasing ves- 
tibulocochlear blood How by antagonising local H3 heteroreceptors. Betahistine 
acts centrally by enhancing histamine synthesis within tuberomammillary nuclei 
of the posterior hypothalamus and histamine release within vestibular nuclei 
through antagonism of H3 autoreceptors. This mechanism, together with less 
specific effects of betahistine on alertness regulation through cerebral Ht recep- 
tors, should promote and facilitate central vestibular compensation. 

Elucidation of the mechanisms of action of betahistine is of particular interest 
for the treatment of vestibular and cochlear disorders and vertigo. 



Histamine is a biogenous amine of the brain that 
regulates various cerebral functions and induces 
many physiological effects. For example, the hista- 
minergic pathways are involved in wakefulness, 
thermoregulation, pituitary function and cardio- 
vascular regulation. Histamine modifies the neuro- 
nal activity of conical and subcortical structures 
through neuromodulation and/or neurotransmis- 
sion: therefore, histamine is generally considered 
to be a neuromodulator}' transmitter.' 161 

Antihistamines were the first drugs used in the 
treatment of allergic symptoms: they have since 
been found to be effective in the treatment of ver- 
tigo, probably due to a centrally induced depressive 
effect. 17 * 41 Betahistine. a structural analogue of his- 
tamine, has also been used as an antivertigo agent 
for over 20 years. 17 ' The vascular actions of his- 
tamine and histamine analogues have been known 
for a long time. 110 ' but the structural properties of 
these molecules and the role of pre- and post-synaptic 
histamine receptors in the neuromodulation of 
histaminergic transmission have only recently 
been elucidated. Other recent investigations have 
uncovered a vestibulo-hypothalamo-vestibular his- 
taminergic pathway that may be involved in the 
physiology and pathophysiology of balance (see 
section 2.3). A series of animal experiments have 



further identified the mechanisms by which hista- 
mine analogues would act on the sensory organs 
(see section 3.2), the vestibular pathways and the 
histaminergic system (see section 3.3). 

The aim of this article is to provide clinicians 
with a picture of the working mechanisms of hista- 
mine and betahistine or other histamine analogues 
at the peripheral and central levels. Animal studies 
have provided interesting insights into how struc- 
tural analogues of histamine, such as betahistine, 
act on vestibular functions and how effective they 
are in assisting recovery from vestibular lesions 
and treating vertigo. 

1 . Pathophysiology of the 
Vestibular System 

The peripheral vestibular receptors are made up 
of sensory cells that are sensitive to both angular 
accelerations (detected by the semicircular canals) 
and linear accelerations (detected by the otoliths of 
the utricule and saccule). The otolith system also 
detects changes in the gravito-inertial forces that 
result from the modification of head position in 
space. The peripheral labyrinth therefore consti- 
tutes a central inertial platform that detects the po- 
sition and movement of the head. 1 ' 1 * 13 ' 

The anatomical and physiological properties of 
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the vestibular system have been previously de- 
scribed in t'ulIJ ! 1 : This system conveys an uninter- 
rupted Mow of both static and dynamic information 
to the brain. The vestibular neural messages trav- 
elling in the vestibular nerves are delivered to the 
four main nuclei (lateral, superior, medial and in- 
ferior) that form the central vestibular nuclei com- 
plexes. These nuclei constitute a centre where mul- 
tiple modality sensory information (including visual, 
somatosensory and vestibular inputs) is integrated 
to form the basis for central reconstruction of head 
velocity signals in three-dimensional space by the 

brajn J[|. 14-16] 

In addition to integrating spatial cues, the ves- 
tibular nuclei are involved in pre-motor and pre- 
perception functions. They are important in con- 
trolling posture and balance, head and eye stabili- 
sation (i.e. gaze stabilisation in space), and in elab- 
orating a central representation of body position 
and motion in space. 

The control of balance and eye movement is 
partly subserved by second-order vestibular neu- 
rons with descending (vestibulospinal system) and 
ascending (vestibulo-ocular system) axonal pro- 
jections. Branching vestibular neurons influencing 
both oculomotor and spinal neurons contribute to 
gaze stabilisation. Vestibulocortical pathways re- 
laying through the subnuclei of the thalamus sub- 
serve more cognitive functions such as body ori- 
entation in space (subjective vertical), body percep- 
tion (body scheme) and spatial memory. In turn, 
vestibular cortical areas (parieto-insular vestibular 
cortex, areas 2v and 3a) and subcortical (inferior 
olive, reticular formation, cerebellum) structures 
modulate vestibular nuclei activity and control ves- 
tibular functions. 1 17I8 I 

Consequently, a peripheral labyrinth deficit or 
a unilateral lesion of the vestibular nerve will cause 
a three-fold syndrome: related to posture (imbal- 
ance, falls, deviation of locomotor trajectory), ocu- 
lomotor (spontaneous nystagmus, skew deviation, 
oscillopsia) and perception (vertigo, deviation of 
the perceived vertical). The deficits that form the 
vestibulospinal and vestibulo-ocular syndromes 
are common in a large number of species. Most of 



what is known about the perception syndrome de- 
rives from observations made in patients with ves- 
tibular dysfunction. As a general rule, all three syn- 
dromes include both static and dynamic compo- 
nentsJ 1920 ' Figure 1 shows a diagrammatic repre- 
sentation of the vestibular pathways mediating 
vestibular responses in the roll plane and of their 
pathophysiology. 

Compensation for these static and dynamic ves- 
tibular deficits constitutes a good model for the 
study of CNS plasticity and the investigation of 
adaptive capacities of the adult brain.* 221 As a gen- 
eral rule, compensation for static and dynamic def- 
icits are characterised by different time courses- 
Compensation for static deficits is extensive, often 
complete, and can take only days, but compensa- 
tion for dynamic deficits can take several months 
and can be incomplete (sometimes minimal). The 
dissociation between static and dynamic deficits 
compensation can be partly explained by the inter- 
vention of different compensatory mechanisms in 
the vestibular compensation process. Pre-existing 
or new behavioural strategies, sensory (proprio- 
ception, vision) as well as functional (restoration 
of spontaneous and evoked vestibular nuclei activ- 
ity) substitution mechanisms have been reported.' 231 
In the literature, few results have demonstrated that 
structural changes in the vestibular nuclei occur 
after vestibular lesion.' 20 ' In contrast, many neuro- 
physiological (changes in the static and dynamic 
properties of vestibular cells) and neurochemical 
(up- or down-regulation of inhibitory amino acids, 
acetylcholine, neuropeptides, and/or their recep- 
tors) modifications have been demonstrated exper- 
imentallyJ 20 - 24 ! 

It is now well known that drug treatment can 
considerably modify the course of vestibular defi- 
cit compensation, either by accelerating (through 
treatment with stimulants) or by slowing down 
(with sedatives) the recovery process. 125 1 Vertigo 
and its disabling vegetative manifestations may be 
treated with antihistamines, acetylcholine receptor 
antagonists or sedatives, that all act centrally to 
depress vestibular responses and to suppress the 
symptoms of vertigo. This therapy may be admin- 
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Fig. 1. Diagrammatic representation of the vestibular pathways 
that convey labyrinth sensory information to the four main ves- 
tibular nuclei of the brain stem via the Vlllth cranial nerve (VIII). 
The lateral and medial vestibulospinal tracts (LVST and MVST, 
respectively) are involved in head and body posture control. 
Ascending pathways in the medial longitudinal fasciculus (MLF) 
cross the midline and reach the interstitial nucleus of Cajal (INC) 
or the ocular motor nuclei [nucleus trochlearis (IV), nucleus oc- 
ulomotorius (III), nucleus abducens (VI)]; these are involved in 
the oculomotor system and control the vestibulo-ocular reflex. 
Other crossed, ascending fibres relay through thalamus nuclei 
(Vim, Vce) and project into the parieto-insular vestibular cortex 
and other cortical areas receiving vestibular information (3a, 2v) 
that participate in self-motion perception, perception of the ver- 
tical and body scheme. The illustrations on the right show the 
direction of vestibular falls (or body tilts) and/or the perceived 
vertical in relation to the side and the level of the lesion (repro- 
duced from Brandt and Dieterich, 12 ' 1 with permission from Ox- 
ford University Press). PIVC = parieto-insular vestibular cortex; 
ri = rostral interstitial nucleus of the MLF; Vce = vestibular nuclei 
of the thalamus (central part of the ventral nuclei); Vim = vestib- 
ular nuclei of the thalamus (internal medullary part of the ventral 
nuclei). 



istered to healthy individuals: however, it cannot 
be administered to patients with vestibular dys- 
function for a long time without compromising the 
recovery process. Although drugs that act as 
agonists or antagonists of histamine receptors have 
been used in the management of vestibular pathol- 
ogy,* 7 1 very little was known until recently about 
the role of the histaminergic system in the control 
of vestibular functions and in the adaptive process 
after vestibular lesion. 

2. Role of Histamine and Histamine 
Receptors in the Regulation of 
Vestibular Functions 

Histamine is a neuromodulatory transmitter: the 
histaminergic system is widely distributed through- 
out various CNS structures. 12 " 5 ' Histamine and its 
three different categories of receptors have been 
found in the vestibular nuclei complexes, strongly 
suggesting that histamine plays a significant role 
in the regulation of vestibular functions. 1 l - 6 -- s ) 

2. 1 Central Histaminergic System - 

Biosynthesis of histamine within the CNS 
largely determines its cerebral distribution because 
it does not readily cross the blood-brain barrier 
(BBB). Histamine has a heterogenous distribution 
in the brain that parallels that of the enzyme that 
synthesises it, histidine decarboxylase (HDC). !29} 
Histamine in the brain is stored in both neuronal 
structures (50%), and non-neuronal (50%) struc- 
tures such as the microvascular endothelium and 
the mast cells. The most important portion of his- 
tamine in the neuronal compartment is associated 
with the synaptic vesicles in the nerve endings, 
where it is synthesised. Three types of CNS hist- 
amine receptors have been identified in mammals: 
postsynaptic histamine Hj and H? receptors 128 - 301 
and presynaptic histamine receptors 131 - 321 (fig- 
ure 2 ). H i receptors are coupled with phosphatidyl- 
inositol, receptors with adenylate cyclase and 
Hi receptors with G-proteins. All three histamin- 
ergic receptors are metabotropic receptors, acting in- 
tracellular^ through second messenger systems. 
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U siny immunocy lochcmi.stry. histaminergic 
neurons wore found to he exclusively located in 
the posterior hypothalamus, mainly in the tubero- 
mammillary nucleus. ;| These neurons fire in 
a low. regular, spontaneous manner, and exhibit 
long-duration action potentials and slow axonal 
conduction. The histaminergic nerve endings pro- 
ject diffusely throughout the whole brain and show 
moderately sized swellings with a typical beaded 
appearance, which stain strongly. Such properties 
are typically seen in unmyelinated systems that 
exert neuromodulatory actions. We were the first 
to describe the projection of histaminergic nerve 
fibres to the four main vestibular nuclei in the cat 
brain, using an antibody directed against hista- 
mine. ,ft - u ' Local variations were present, with more 



immunocytochemical staining in the superior and 
medial nuclei compared with the lateral and infe- 
rior nuclei. 

Autoradiography using specific radioactive li- 
gands made it possible to visualise the three types 
of histamine receptors. H| receptors are diffusely 
and heterogeneousiy distributed throughout the 
CNS. 1 - 10 ' They are blocked by antihistamines, for 
example. mepyramine. !?l There are only a few spe- 
cific agonists of H| receptors, and these compounds 
do not readily cross the BBB. 

H: receptors are also diffusely and heteroge- 
neousiy distributed throughout the CNS. 128 - 351 Im- 
promidine is a selective agonist of these receptors 
and cimetidine is a good, relatively selective antag- 
onist. More potent and selective than cimetidine. 




Fig. 2. A functional diagram of a hystaminergic synapse showing the three types of histamine receptor: postsynaptic histamine K 
and H 2 receptors and presynaptic histamine H 3 receptors. Presynaptic H 3 receptors are located on histaminergic nerve endings and 
are known as autoreceptors; on nonhistaminergic endings they are called heteroreceptors (reproduced from Lacour,' 65 with permis- 
sion from Elsevier Paris). AC = adenylate cyclase: ATP = adenosine triphosphate: camp = cyclic adenosine monophosphate; cGMP 
= cyclic guanosine monophosphate: HOC = histidine decarboxylase. 
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H : receptor antagonists < zolantidine. famotidine, 
liotidine) have been recently synthesised. 

The same diffuse and heterogeneous distribu- 
tion has been observed for H.^ receptors. 1321 The 
standard agonist and antagonist for this receptor 
are a-methylhistamine and thioperamide. respec- 
tively. These substances regulate the synthesis and 
release of histamine by acting on the H 3 au- 
toreceptors found on histaminergic nerve endings. 
Histamine and H 3 receptor agonists inhibit hista- 
mine turnover, whereas H 3 receptor antagonists 
promote the synthesis, turnover and release of his- 
tamine. 136 ' H3 heteroreceptors are localised on non- 
histaminergic neuron endings, suggesting that the 
neuromodulatory action of histamine on its target 
cells may influence the synthesis and release of 
other neurotransmitters (figure 2). 

It must be noted that all three categories of his- 
tamine receptors are present in the vestibular nu- 
clei, at least in the guinea pig.!<».34.37.38| 

2.2 Histamine and Neuromodulators of 
Vestibular Nuclei Neurons 

Experimental data suggest that histamine mod- 
ifies the central activity of the vestibular nuclei 
cells, and consequently, could affect the processing 
of sensory information in this structure and the 
control of vestibular functions. For example, hypo- 
thalamic histaminergic neurons project directly 
into the vestibular nuclei in the rat; it has been 
hypothesised that these afferents regulate motion 
sickness.' 391 h 

Histamine modulation of second-order vestibu- 
lar neuronal activity has been demonstrated in both 
in vitro and in vivo experiments; different effects 
were observed, depending on the preparation used. 
The neuronal spontaneous firing rate decreased 
after iontophoresis of histamine in cat vestibular 
nuclei in the first in vivo studies. 140 ' This inhibitory 
effect was confirmed by Kirsten and Sharma' 41 ' 
who observed histamine-induced inhibitions of 
78 and 68% in the medial nucleus neurons and 
the lateral nucleus cells, respectively. Facilitatory 
effects were seen in 9 and 27% of these respective 
nuclei neurons. The in vitro studies, carefully con- 



ducted on vestibular nucleus slices using a larger 
sample of unii.s, clearly pointed to histamine-induced 
membrane depoiarisation of the vestibular neuron*. 
Histamine slightly increased the spontaneous fir- 
ing rate of medial vestibular cells in both rats'- 2 - 4 -' 1 
and guinea pigs. I 37 ' This effect was mimicked and 
inhibited by H 2 receptor agonists and antagonists, 
respectively, suggesting that the histamine depolar- 
ising effect is mediated through H 2 receptors. 1371 
Further experiments suggested that the Hj recep- 
tors were also involved. 144 ' 

The electrophysiological changes seen in the 
vestibular nuclei complexes have effects on func- 
tion: behavioural modifications were recorded in ani- 
mals receiving histamine receptor ligands infused 
chronically in the vestibular nuclei on one side. 138 ' 
Generally, the postural and oculomotor deficits ob- 
served were similar to those seen after unilateral 
vestibular lesion.' 38 ' The vestibular postural syn- 
drome was reproduced with an infusion of H 2 re- 
ceptor antagonists or H3 receptor agonists. The 
postural asymmetries were reversed with H 2 recep- 
tor agonists and H 3 receptor antagonists. Similar 
findings were reported for the oculomotor syn- 
drome. It is generally assumed that these agonists 
and antagonists act by creating an imbalance in 
electrical activity between the homologous vestib- 
ular nuclei, similar to that produced by a unilateral 
vestibular lesion. 

2.3 Evidence for a Histaminergic 
Vestibulo-Hypothalamo-Vestibular Loop 

Unilateral stimulation of the labyrinth, which 
causes asymmetrical vestibular nuclei activity 
(electrophysiological recordings) and ocular move- 
ments typical of vestibular lesion-induced eye 
disturbances, has recently been observed to trigger 
a marked increase in histamine release in the 
posterior hypothalamus. 145 ' Roughly similar ef- 
fects were demonstrated with microdialysis fol- 
lowing both cold or warm caloric and electrical 
stimulation of the labyrinth. In addition, the effects 
of a more natural and bilateral vestibular stimula- 
tion were investigated in rats by placing them in a 
centrifuge and subjecting them to rotations which 
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can cause the behavioural symptoms of moiion 
sickness.' 39 ' Histamine levels increased in ihe hy- 
pothalamus and pons regions of healthy, iniaci rats: 
no effect was seen in rats with both labyrinths de- 
stroyed or treated with a-methylhistidine. an in- 
hibitor of the enzyme thai synihesises histamine. 

Expression of the Fos protein was used as a neu- 
ronal marker to functionally map brain stem activ- 
ity after stimulation or lesion of the vestibular sys- 
tem. In rats submitted to increased gravito-inertial 
forces (hypergravity) in a centrifuge, the spatial 
pattern of Fos induction involved the vestibular nu- 
clei and associated structures (inferior olive, auto- 
nomic nuclei) and the tuberomammillary of the 
posterior hypothalamus.' 4 ' 1 ' We found a roughly 
similar pattern of Fos expression in unilateral ves- 
tibular neurectomised cats. 147 ' 

Together these data clearly demonstrate that in- 
creased or imbalanced activity in the vestibular nu- 
clei complexes leads to the activation of the central 
histaminergic system. This activation occurs via a 
vestibulo-hypothalamo- vestibular loop which may 
be important in the control of vestibular functions 
and in the adaptive response to vestibular lesion 
and environmental changes. 

3. Histamine and the Histamine 
Analogue Betahistine in Peripheral and 
Centra! Vestibular Disorders 

3. 1 Receptor Binding Affinity 

Betahistine (N-alpha-methyl-2-pyridyIethyI- 
amine) is a structural analogue of histamine with 
similar pharmacological properties. The effects of 
betahistine on histamine brain receptors have been 
studied in several biological models. 148 ' It has been 
shown that betahistine is a weak H| receptor ago- 
nist, a more potent Hi receptor antagonist and has 
negligible H 2 receptor activity. Affinity for recep- 
tors of other neurotransmitters demonstrated, but 
affinity for autonomic a-» receptors is suspected (see 
section 3.2).' 4y ~ s °l 

Several studies have clearly demonstrated that 
betahistine is an H, receptor agonist: 



• Betahistine and mepyramine tan H , receptor an- 
tagonist ) compete for binding to cerebellar cell 
membranes in guinea pics.' 5 1 - s: ' 

• Both betahistine and histamine produce concen- 
tration-dependent hydrolysis of labelled glyco- 
gen in murine brain cortex sections, but the peak 
glycogenolytic effect of betahistine is weaker 
than that of histamine.' 4 *' 

• In a dose-dependent manner, betahistine stimu- 
lates the cyclic AMP accumulation induced by 
impromidine (a selective H 2 receptor agonist) 
but at a 20% lower level than histamine.! 4 *' 

• The binding of mepyramine to the murine brain 
cortex in vivo is inhibited following the sys- 
temic administration of betahistine. therefore 
betahistine must be able to cross the BBB. |4S ' 
Following systemic administration, the intra- 
cerebral concentration of betahistine was equiv- 
alent to half of the concentration of the com- 
pound in blood.' 52 ' However, the affinity of beta- 
histine for the H, receptor is weak: its action at 
H ! receptors was only observed at dosages 100- 
fold higher than therapeutic dosages.' 48 ' 
Other studies have demonstrated that betahis- 
tine is also an Hy receptor antagonist: 

• In a dose-dependent manner, betahistine blocks 
the suppression of synaptic release of histamine 
and other transmitters induced by exogenous his- 
tamine via the H 3 autoreceptor.' 3 " 

• The concentration of betahistine required for 
this effect in vivo is considerably lower than that 
necessary to produce excitation of the cerebral 
H| and/or H 2 receptors.' 48 ' 

The affinity of betahistine for the H 3 receptor in 
the brain, as measured by the dissociation constant, 
is less than that of thioperamide, another Hi recep- 
tor antagonist.' 36 - 7 4tS ' 

3.2 Peripheral Mechanisms and Sites of 
Action of Betahistine 

3.2. 1 Vascular Mechanisms in the Inner Ear 
The increase in cochlear blood flow following 
systemic administration of betahistine was first re- 
ported many years ago.'"-* 5 ' The mechanism of 
action by which betahistine alters this microcircu- 
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Union was studied more recently by Laurikainen 
et al. lJ9 - 5lM using laser doppler flowmetry. The in- 
crease in cochlear blood flow caused by betahistine 
is inhibited by atropine fan acetylcholine receptor 
antagonist), idazoxan (an autonomic a 2 -receptor 
antagonist) or thioperamide (an H } receptor antag- 
onist), but not modified by cimeiidine (an H 2 re- 
ceptor antagonist) or a-methylhistamine (an H ? re- 
ceptor agonist). Therefore, betahistine antagonises 
the presynaptic H 3 heteroreceptors of the cochleo- 
vestibular vascular system via the activation ot 
autonomic a 2 -receptors This effect is only 
achieved by administering betahistine through the 
vascular route (catheterisation of the anteroinferior 
cerebellar artery) and not by direct application to 
the inner ear through the round window.' 491 

Peripheral vasodilation has also been observed 
with systemic administration of betahistine, as evi- 
denced by a decrease in blood pressure which is 
blocked by prior administration of promethazine. 
However, the betahistine dose required to produce 
the cochleovestibular effect was four-fold lower than 
that required to produce the systemic effect (0.5 
vs 2.1 me/kg to produce 50% of the maximum ef- 
fect).' 491 ~ 

It appears that the betahistine-tnduced increase 
in cochlear blood flow is associated with an in- 
crease in vascular conductivity and a decrease in 
systemic blood pressure (figure 3),» 491 and may re- 
sult primarily from vasodilation of the anterior 
inferior cerebellar artery. This effect appears to 
involve H, receptors, presynaptic H 3 heterorecep- 
tors and autonomic a 2 -receptors, at least in the in- 
ner ear of the guinea pig- 1501 

In contrast, an infusion of betahistine induced a 
decrease in systemic blood pressure and blood flow 
in the vestibular apparatus, followed by a sustained 
increase in vestibular blood flow while the blood 
pressure rapidly returned to normal.^ 6 ' Regulation 
of the vestibular blood flow in the posterior semi- 
circular canal ampulla has been observed in guinea 
pigs, and can be influenced by various factors in- 
cluding betahistine.l 56 - 58 ' The vascular control of 
the vestibule may be different to that of the cochlea 
and requires further investigation. 

1 Adis international Limited. AH rights reserved. 




70i 



50 4- 




3 4 
Time (min) 



Fig 3. Effect of betahistine (a) 0.9 mgAg. (b) 1.8 mg/kg j ar (c 
3 6 mg/kg, administrated intravenously (shown by shadedbar) 
on cochlear blood flow (CBF), blood pressure (BP) and vascular 
conductivity (R) 1= CBF/BP] in rats («P^*^ J™^"? 
kainen et alj 49 " with permission Lippmcott Williams & Wilkins). 



3.2.2 Physiological Mechanisms on Inner Ear 
Sensory Organs 

The effect of betahistine on isolated prepara- 
tions of frog posterior semicircular canal was re- 
cently examined.! 59 ' The drug was administered via 
the endolymphatic or perilymphatic fluid, and us 
effects on spontaneous or evoked resting dis- 
charges of ampullar receptors were measured. No 
effect was observed with endolymphatic admin- 
istration. In contrast, perilymphatic administration 
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of betahistinc decreased the resting discharge of 
the ampullar receptor to a large extent, but had a 
minimal effect on the mechanically evoked re- 
sponse. Drug concentrations as low as I0~ 7 mol/L 
were sufficient to reduce the resting firing rate, 
whereas inhibition of the evoked activity was ob- 
tained at doses as high as 10" : mol/L (figure 4). 

The effect of betahistine on vestibular recep- 
tors in the frog suggests that the drug does not 
act on the mechanosensitive channels of the hair 
cells, but on the basolateral membranes of the 
sensory cells, dark cells and/or afferent nerve ter- 
minals. The mechanism of action may involve his- 
tamine receptors in the peripheral vestibular sys- 
tem, 160 ' although this remains to be confirmed. 
Whatever the mechanism of action involved, it 
could contribute to the antivertigo effects of beta- 
histine. 

3.3 Central Mechanisms and Sites of Action 
of Betahistine 

3.3. 1 Facilitation of the Recovery Process After 

Vestibular Lesion: Behavioural Data 

Without administration of betahistine, compen- 
sation for static and dynamic balance deficits de- 
veloped within 40 days of unilateral vestibular 



neurectomy in a cat model. Posturolocomotor func- 
tion was totally restored within 5 to 6 weeks.'- 61 " 25 
as evidenced by normalisation of the support sur- 
face area (static index) and the locomotor perfor- 
mance on a rotating beam (dynamic index) (figure 
5]. The restoration of the spontaneous activity of 
vestibular neurons located in the ipsi lateral lateral 
nucleus occurred over a similar time period (un- 
published observations). 161 Oral administration of 
high dosages of betahistine (50 or 100 me/kg/day) 
over a time period of 3 to 4 weeks reduced the time 
to recovery by 2 weeks for both static and kinetic func- 
tion compared with no treatment or placebo.' 61 ' 

We assumed therefore that betahistine enhances 
the behavioural recovery of vestibular functions in 
these animals, but how the drug achieves this was 
not clear. 161 ' Since the drug is a structural analogue 
of histamine, an H3 receptor antagonist and a par- 
tial H| receptor agonist (section 3.1), we hypothe- 
sised that it increases histamine turnover (synthe- 
sis) and release. This hypothesis was tested using 
immunocytochemical techniques (section 3.3.2). 

3.3.2 Interaction with the Histaminergic System: 
Immunocytochemical Data 
After unilateral vestibular neurectomy and/or 
betahistine treatment, histamine immunoreactivity 
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Fig. 4. Effect of betahistine on vestibular receptor discharge [ampullar microphonic potential (AMP), evoked nerve firing rate (e-Nfr) 
and resting nerve firing rate (r-Nfr)l in isolated preparations from frogs as a function of perilymphatic betahistine content (reproduced 
from Botta et al., 1591 with permission from Scandinavian University Press). * p < 0.05, ** p < 0.001 vs control. 
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Fig. 5. Effect of betahistine on posturolocomotor function recovery 
(reproduced from Ttghilet et aU 61 > with permission from IOS 
Press). Recovery profiles are presented for both (a) static and 
(b) dynamic balance functions in unilateral vestibular neu- 
rectomised cats which received betahistine 50 or 1 00 mg/kg/day 
postoperatively for 1 month or remained untreated. Units for 
support surface are normalised with respect to the controls for 
which the measurements are in cm 2 . 



changes were investigated in both the tuberomam- 
millary nuclei (which contain the histaminergic 
neurons) and the vestibular nuclei (where histamine 
nerve terminals are found' 6 - 341 ) of cats. Immunohis- 
tochemical and light microscopy quantification 
techniques were used. 

A unilateral vestibular lesion induced a large bi- 
lateral decrease in histamine immunoreaciivity in 
the vestibular nuclei and a smaller reduction in the 
posterior hypothalamus (tuberomammillary ) in 
cats at both 1 week (acute) and 3 weeks (compen- 



sated) after neurectomy.!' 0 Cats without a vestib- 
ular lesion that were treated with betahistine exhib- 
ited a nearly total lack of histamine staining in 
these structures, a result that was reproduced in cats 
treated with thioperamide. an Hx receptor antago- 
nist (figure 6>. The combination of vestibular le- 
sion and betahistine treatment also resulted in a 
histamine immunoreaciivity level that was close to 
zero. 

These results strongly suggested that betahistine 
increases histamine turnover and synthesis, consis- 
tent with its pharmacological properties. Low lev- 
els of histamine immunoreactivity in the vestibular 
and tuberomammillary nuclei were attributed to 
depletion of histamine in synaptic vesicles and 
nerve terminals, the result of increased histamine 
synthesis and release. This, in turn, would be due 
to the blocking effect of histamine on the presyn- 
aptic receptors. Additional experiments were 
needed to confirm that these are the central mech- 
anisms of action of betahistine. 

3.3.3 Interaction with the Histaminergic System: 
New Molecular Findings 

The effects of both betahistine treatment and 
vestibular lesion on the histaminergic system were 
investigated using in situ hybridisation and auto- 
radiography techniques. Hybridisation was used to 
analyse changes in messenger RNA (mRNA) cod- 
ing for HDC in the tuberomammillary nuclei: au- 
toradiography was used performed with a tritiated 
selective H /receptor agonist (*H-N-a-methylhis- 
tamine: -H-NaMH) and used to investigate the 
density of Hx binding sites (which mediate hista- 
mine autoinhibition) in the tuberomammillary and 
vestibular nuclei. 

Quantification of both HDC mRNA and H ? re- 
ceptor binding site densities showed asymmetrical 
chances after unilateral vestibular neurectomy in 
the cat. with an up-regulation of HDC mRNA and 
a decrease in 3 H-NaMH labelling on the lesioned 
side (unpublished observations). In contrast, treat- 
ment with betahistine induced symmetrical changes 
in intact animals, with an up-regulation of HDC 
mRNA and a reduction in • H-NaMH labelling on 
both sides (unpublished observations). Figure 7 tl- 
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Fig. 6. Quantitative evaluation of the effects of histaminergic 
substances on histamine immunoreactivity in (a) the vestibular 
nuclei and (b) the posterior hypothalamus in cats treated with 
betahistine or thioperamide, or control cats (reprinted from the 
European Journal of Pharmacology, Tighilet and Lacour,l 62 'with 
permission from Elsevier Science). Results were obtained for 
the medial (MVN), superior (SVN), inferior (IVN) and lateral 
(LVN) vestibular nuclei and tuberomammillary nuclei (TM). * p 
< 0.001 vs controls. 



lustrates the increase in expression of HDC mRNA 
in the posterior hypothalamus of cats that received 
betahistine for 1 or 3 weeks compared with control 
cats. 



These results clearly demonstrate that betahist- 
ine increases the synthesis of histamine by the his- 
taminergic neurons of the tuberomammillary nu- 
clei by blocking the presynaptic H 3 autoreceptors. 
Histamine release is then enhanced in several CNS 
structures, including the tuberomammillary and 
the vestibular nuclei. Unilateral vestibular lesion 
would produce similar but asymmetrical effects 
through a different mechanism of action: the activa- 
tion of a vestibulo-hypothalamo-vestibular loop. 

3.3.4 Effects on Vestibular Nuclei Neurons and 
Interaction with Histamine 

Betahistine exerts a neuromodulatory action on 
central vestibular neuronal activity, which is char- 
acterised by changes in excitability both in vivo 
and in vitro. 

Betahistine inhibits the response of neurons in 
the medial vestibular nucleus to rotatory stimula- 
tion in the horizontal plane 1631 and the spontaneous 
firing rate of polysynaptic neurons in the lateral 
vestibular nucleus in vivo. [64] However, few neu- 
rons were recorded in these studies and the nature 
of the cells (for example, type I, type II, inhibitory 
or excitatory neurons) was not determined; there- 
fore, it is not possible to claim that betahistine in- 
hibits the spontaneous or the evoked activity of 
second-order vestibular neurons. 

The effect of betahistine on vestibular neuronal 
activity was more carefully studied in v/7ro 144 ' by 
recording the tonic activity of medial vestibular 
nucleus neurons from slices of brainstem prepara- 
tions taken from young adult rats. However, the 
actions of H3 receptors are generally not detectable 
in slices. Histamine had an excitatory effect on 
these neurons via the H| and H 2 receptors. When 
applied alone, low doses of betahistine had no ex- 
citatory effect on eight neurons activated by his- 
tamine, and high concentrations (300 to 1000 
(imol/L) induced weak excitation (figure 8). Con- 
versely, the excitatory effect of histamine was 
reduced with simultaneous application of betahist- 
ine. This effect was dependent on betahistine con- 
centration and could not be reproduced when the 
neuron was stimulated by serotonin. The betahtst- 
ine-induced reduction of the histamine-induced 
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excitatory response of vestibular cells can be ex- 
plained by the partial agonistic properties of beta- 
liistine ai the Hi recepior level and competition 
between endogenous histamine and betahistine tor 
H i receptors. 

These hypotheses were supported by our recent 
molecular investigation (unpublished observa- 
tions). We found (hat the combination of vestibular 
lesion and treatment with betahistine led to the 
down-regulation of HDC inRNA expression at I 
week after treatment and up- regulation at 3 weeks. 
These observations can again be explained by com- 
petition between betahistine and histamine for the 
H \ receptor. Indeed, changes in the binding of ; H- 
NotMH to H; receptors, characterised by a reduc- 
tion in the density of binding sites at I week post- 
lesion and an increase at 3 weeks' post-lesion, 
strongly suggests a competitive interaction be- 
tween histamine (the release of which is increased 
in the vestibular nuclei during the acute stage) and 
betahistine (which predominates over histamine 
during the compensated stage). These results do 
not exclude another mechanism hypothesis involv- 
ing plasticity at the cellular level: long term treat- 
ment with betahistine could lead to a permanent hh 
receptor blockage which could then produce a re- 
active or compensatory up-regulation of this rec- 
eptor subtype. 

3.4 Effect of Betahistine on Cortical Activity: 
Vigilance and Psychomotor Performance 

3.4. 1 Nystagmus and Vestibulo-Ocular Responses 
In patients with paroxysmal vertigo of 3 
months* duration who were receiving betahistine 
1 6. 32 or 64mg three times daily, the duration and 
amplitude of the nystagmus response induced by 
different stimulations were evaluated in a double- 
blind, placebo-controlled study. 1 ' 15 ' Following low- 
frequency sinusoidal rotation in darkness or high- 
frequency passive rotation of the head, the ampli- 
tude of the induced nystagmus decreased by 20 and 
50^ with betahistine 16 and 32mg. respectively. 
Reduction in the amplitude of nystagmus was not 
observed when visuovestibular interaction was al- 
lowed in the presence of a visual target in the dark. 



Such results suggest that betahisiine exerts its ac- 
tion on the vestibular nuclei. 

In patients with vertigo who responded to beta- 
histine treatment, betahistine was not found to have 
a dose-dependent effect on the vestibulo-ocular 
reflex, as it does in healthy individuals. 1 ' 161 Indeed, 
the duration of the nystagmus response induced in 
ten healthy individuals submitted to the swinging 
seat test was decreased by 38 and 59% with beta- 
histine 16 and 32mg. respectively. The effect peaked 
at 3 to 4 hours after betahistine administration and 
no adverse effects were observed. 1 ' 17 ' 

3.4.2 Vestibular Evoked Potentials 

In a preliminary double-blind study, betahistine 
produced different effects on vestibular evoked 
potentials in healthy individuals and patients with 
peripheral vestibular disorders/ 66 ' Inpatients with 
vertigo, the pathologically delayed mean latency 
of vestibular evoked potentials *vas normalised fol- 
lowing administration of betahistine 48mg three 
times daily. A return towards control values occur- 
red shortly after drug administration; the effect 
peaked at 3 hours postdose. Conversely, a progres- 
sive delay was introduced to the mean latency of 
vestibular evoked potentials following administra- 
tion of the same dosage of betahistine to healthy 
individuals. 

These findings suggest that the effect of beta- 
histine on cortical activity may differ depending on 
w hether recipients have vertigo. Since vertigo is a 
result, at least in part, of an imbalance of activity 
between the vestibular nuclei complexes on each 
side, the difference in cortical activity could be due 
to the activation of the vestibulo-hypothalamo- 
vestibular loop. As discussed in sections 2.3 and 
3.3. stimulation of this pathway induces histamine 
release in the vestibular nuclei, and betahistine and 
endogenous histamine compete for binding to his- 
tamine receptors at the cellular level. 

3.4.3 Psychomotor Performance and Driving Tasks 
A double-blind, placebo-controlled study inves- 
tigated the effects of high dosages of betahistine 
(72mg three times daily for 3 days) or the antipsy- 
chotic drug prochlorperazine (5mg three times 
daily) on the psychomotor performances of healthy 
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Fig 8 (a) Dose-response curves showing the effects of histamine and betahistine applied separately or in combination on the firing 
rafe of a rat medial vestibular nucleus (MVN) neuron, (b) Effects of different concentrations of betahistine on the response of an MVN 
cell to histamine (two drugs applied concurrently) [reproduced from Wang and Dutia with permission from Spnnger-Verlag). 



volunteers who participated in a driving test. 1681 
The tests were carried out at baseline and at 1 week 
later (following drug administration) and examined 
reaction time and kinetic visual acuity (psychomo- 
tor performance) and weaving and gap estimation 
(driving tasks). 

No sedative effect was observed following ad- 
ministration of betahistine. Individuals who recei- 
ved betahistine performed similarly to those who 
received placebo or who did not receive any treat- 
ment. In contrast, psychomotor and driving perfor- 
mances were markedly altered following admin- 
istration of prochlorperazine. This drug relieves 
vertigo, nausea and vomiting of vestibular origin. 
It has a dual antagonistic action in the CNS, block- 
ing both dopamine D 2 receptors and Hi receptors. 
Since dopamine is known to facilitate cortical 
arousal, the alterations in behaviour observed after 
administration of prochlorperazine should directly 
result from the blockade of dopamine receptors. 
The blockade of H| receptors may contribute indi- 
rectly to the behavioural alterations because his- 
tamine induces excitatory effects on the neuronal 



activity of cortical and subcortical structures by ac- 
tivating Hi receptors. 1331 

4. How Does the Interaction Between 
Betahistine and Histamine Improve 
the Vestibular Compensation Process 
and Vertigo? 

There is a growing body of experimental data 
that describes how histamine and betahistine act on 
the body at the peripheral and central levels. It has 
been discovered that: 

• Histamine is involved in the regulation of ves- 
tibular functions (section 2). 

• Histamine enhances the restoration of vestibular 
function after a deficit (through adaptation) by 
activating a vestibulo-hypothalamo-vestibular 
loop (section 2.3). 

• Betahistine also has beneficial effects on this 
recovery process and interacts with histamine at 
the cellular level (section 3.3). 

• Betahistine acts on peripheral and central tar- 
gets, through Hi and H 3 receptors (sections 3.2 
and 3.3). 
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• In the CNS. betahistine increases histamine 
synthesis and release by blocking H3 autorecep- 
tors (section 3.3). 

The main property previously ascribed to hista- 
mine, its vasodilative action on blood vessels.' , - f1 - 1,) l 
is also a properly of betahistine. The vascular effects 
of betahistine have been fully described and it is 
now well established lhat this drug acts on the 
vestibulocochlear vasculature, increasing blood flow 
and vascular conductivity and decreasing systemic 
blood pressure through H3 heteroreceptors and Hi 
receptors and autonomic a:-receptors. 149 50 - 53 ' 581 

Histamine and structural analogues of hista- 
mine like betahistine are also effective in the treat- 
ment of vestibular disturbances unrelated to vascu- 
lar insufficiency, clearly indicating that there are 
other, probably more active, mechanisms through 
which they contribute to antivertigo effects. These 
can be subdivided into nonspecific and specific 
working mechanisms, acting either peripherally or 
centrally. 

Betahistine has no adverse effects and is devoid 
of sedative action (section 3.4.3). [7ja65 - 67 - 681 In ad- 
dition, it increases histamine synthesis and release, 
enhancing alertness and vigilance. 133 ' This nonspe- 
cific arousal mechanism can play a significant role 
in the recovery process in patients with vestibular 
lesion. It is well known that sedative drugs slow 
down functional recovery, whereas stimulants ac- 
celerate recovery and increase sensorimotor activ- 
ity. 125 ' The latter action is considered to be a key 
element in vestibular compensation in both animal 
models^ 691 and humans. ,22 ' 

The specific mechanisms of action of betahist- 
ine have been elucidated in animal models using 
autoradiography, in situ hybridisation and electro- 
physiology (section 3.3). 

In the periphery, it was found that betahistine 
decreased the ampullar receptor resting discharge, 
an effect that could be mediated by histamine re- 
ceptors in the peripheral vestibular sensory system. 
This peripheral vestibular mechanism may also be 
involved in reducing the asymmetrical functioning 
of the bilateral sensory receptors, but is not com- 
pletely understood. 



The most important discoveries involving the 
mechanisms of betahistine concern the action nt 
the drug on the histaminergic system and histamine 
receptors. Betahistine increases histamine turn- 
over 1 synthesis.) and release by blocking H; auto- 
receptors. Histamine has depolarising effects on 
second-order vestibular cells in vestibular nuclei 
complexes, exerted through H| receptors. This 
central vestibular mechanism is probably involved 
In reducing asymmetrical activity of the vestibular 
nuclei neurons on both sides. The restoration of 
balanced electrical activity between the homolo- 
gous vestibular nuclei, as demonstrated in vivo and 
in conscious animal models, E70) is central to the 
compensation for static vestibular deficits. 1221 Ad- 
ditionally, there is a close correlation between 
behavioural adaptation and central re-equilibration 
of vestibular nuclei activity.' 22 * 701 

The interaction between exogenous betahistine 
and endogenous histamine released in response to 
betahistine or a vestibular lesion (via the activation 
of a vestibulo-hypothalamo-vestibular loop) gives 
a complex picture of the central action of the drug. 
The competition between histamine and betahist- 
ine for binding to Hi and H3 receptors varies depen- 
ding on the dose administered, the time period of 
administration and the stage of the vestibular le- 
sion (acute or compensated). The mechanisms be- 
hind this variation, the neuromodulating action of 
histamine on the synthesis and release of other 
neurotransmitters (e.g. acetylcholine) and the beta- 
histine-induced plasticity of H 3 receptors remain 
unresolved and require further investigation. 

5. Conclusions and 
Clinical Implications 

Several of the mechanisms by which betahistine 
acts on the vestibular system have been identified. 

In the peripheral vestibular organs, betahistine 
decreases the ampullar receptor resting discharge, 
which reduces the asymmetrical functioning of the 
sensory vestibular organs. Betahistine also in- 
creases vestibulocochlear blood flow by an- 
tagonising local H3 heteroreceptors, thereby pro- 
tecting the vestibulocochlear sensory organ. 
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In the central vestibular nuclei, beiahisrine en- 
hances histamine synthesis within tuberomam- 
miilary nuclei and histamine release within vestib- 
ular nuclei through antagonism or* Fh autorecep- 
tors. This mechanism should promote and facilitate 
central vestibular compensation. 

Additionally, beiahistine regulates alertness, af- 
fecting the cortical and subcortical structures or" the 
CNS through a partial agonist effect on cerebral H i 
receptors. 

Most of the mechanisms by which histamine 
and betahistine act on the vestibular system have 
been elucidated. The clinical implications of these 
mechanisms in the vestibular system ( peripherally 
and centrally) are of interest in the treatment of 
vestibular and cochlear dysfunctions and vertigo. 
Betahistine is widely used in the treatment of Me- 
niere's disease and vertigo, and may yet have other 
therapeutic applications in inner ear disorders such 
as tinnitus, sudden hearing loss or noise-induced 
hearing loss. 
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ABSTRACT 

Ciproxifan, /.a, cyclopropyl-(4-(3-1H-imidazol-4-yl)propyloxy) 
phenyl) ketone, belongs to a novel chemical series of histamine 
H 3 -receptor antagonists. In vitro, it behaved as a competitive 
antagonist at the H 3 autoreceptor controlling [ 3 H]histamine re- 
lease from synaptosomes and displayed similar K, values (0.5- 
1.9 nM) at the H 3 receptor controlling the electrically-induced 
contraction of guinea pig ileum or at the brain H 3 receptor 
labeled with [ 125 l]iodoproxyfan. Ciproxifan displayed at least 
3-orders of magnitude lower potency at various aminergic re- 
ceptors studied in functional or binding tests. In vivo, measure- 
ment of drug plasma levels, using a novel radioreceptor assay 
in mice receiving ciproxifan p.o. or i.v., led to an oral bioavail- 
ability ratio of 62%. Oral administration of ciproxifan to mice 



enhanced by -100% histamine turnover rate and steady state 
level of te/e-methylhistamine with an ED 50 of 0.14 mg/kg. Cip- 
roxifan reversed the H 3 -receptor agonist induced enhancement 
of water consumption in rats with and ID 50 of 0.09 ± 0.04 
mg/kg, i.p. In cats, ciproxifan (0.15-2 mg/kg, p.o.) induced 
marked signs of neocortical electroencephalogram activation 
manifested by enhanced fast-rhythms density and an almost 
total waking state. In rats, ciproxifan enhanced attention as 
evaluated in the five-choice task performed using a short stim- 
ulus duration. Ciproxifan appears to be an orally bioavailable, 
extremely potent and selective H 3 -receptor antagonist whose 
vigilance- and attention-promoting effects are promising for 
therapeutic applications in aging disorders. 



HA is a cerebral neurotransmitter exerting its actions on 
target cells via three classes of molecularly and/or pharma- 
cologically well defined receptors designated H lf H 2 and H 3 
(reviewed by Hill et aL, 1997; Schwartz et aL, 1991, 1995). 
The H 3 receptor is a presynaptic receptor regulating the 
synthesis and/or release of HA itself ( Arrang et aL, 1983) as 
well as a variety of other aminergic or peptidergic neuro- 
transmitters (reviewed by Schlicker et aL, 1994). It was ini- 
tially defined by the design of two selective ligands: (R)a- 
MeHA, a full agonist, and thioperamide, an antagonist with 
nanomolar potency {K t = 4 nM). Thioperamide has become 
the prototypical H 3 -receptor antagonist, used in a large num- 
ber of neurochemical, electrophysiological and behavioral 
studies because it is one of the few agents able to markedly 
enhance cerebral histaminergic transmissions in vivo via a 
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selective mechanism. In agreement, few other actions of thio- 
peramide were described, e.g. , inhibition of P450 cytochromes 
(La Bella et aL, 1992) and 5-HT 3 -receptor blockade (Leurs et 
aL, 1995), which require higher drug concentrations than 
H 3 -receptor blockade and are therefore not relevant for in 
vivo studies. 

Nevertheless thioperamide has several drawbacks: 1) its in 
vivo potency is rather low compared with its in vitro potency, 
suggesting that drug bioavailability, particularly its brain 
penetration, is restricted, 2) more importantly it displays a 
distinct liver toxicity on repeated administration which has 
prevented it being submitted to human clinical trials. 

Because H 3 -receptor antagonists represent a novel class of 
agents with potentially interesting therapeutic applications, 
namely in psychiatry (Schwartz et aL , 1995) sustained efforts 
have been devoted to the design of drugs more potent and 
safer than thioperamide (reviewed by Stark et aL, 1996b). 

As with thioperamide, all highly effective compounds ob- 
tained so far contain a monosubstituted imidazole ring, but 



ABBREVIATIONS: HA, histamine; t-MeHA, fe/e-methylhistamine; (ff)a-MeHA, (fl)a-methylhistamine; AUC, area under the curve; C max . maximal 
concentration; W, wakefulness; S1, light slow wave sleep; S2, deep slow wave sleep; PS, paradoxical sleep; EEG, electroencephalogram. 
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the thiourea moiety of the latter, to which hepatotoxicity 
might be attributable, is replaced by numerous polar func- 
tionalities such as amine or carbamate, etc. 

Recently, we have designed 3-(ltf-imidazol-4-yl)propanol 
derivatives as a novel series of potent in vitro H 3 -receptor 
antagonists with a high capacity for oral absorption and 
brain penetration in some compounds (Stark et aL, 1996a; 
Huls et aL, 1996). In these novel chemical classes of com- 
pounds, we have recently identified [ l25 I]iodoproxyfan, i.e., 
1 125 I]3-( ltf-imidazol-4-yl Jpropyl-i 4-iodophenyl)methyl ether 
as a new probe for a sensitive assay and localization of the H : , 
receptor in brain (Ligneau et aL, 1994). 

We describe the biological properties of ciproxifan (fig. 1), a 
highly potent and selective H 3 -receptor antagonist belonging 
to this novel chemical class of compounds which suggest its 
potential therapeutic interest as a waking and procognitive 
agent. 

Materials and Methods 

[ 3 H1Histaraine release from synaptosomes. [ 3 H1HA release 
experiments were performed according to Garbarg et al (1992). 
Briefly, a crude synaptosomal preparation from rat cerebral cortex 
was preincubated for 30 min with [ 3 H]L-histidine (0,4 /iM) at 37°C. 
After extensive washing synaptosomes were resuspended in fresh 2 
mM K v -Krebs-Ringer's medium and in the presence of the appropri- 
ate drugs. After 5-min incubation synaptosomes were depolarized 
bringing the K + -concentration to 30 mM for 2 min. Incubations were 
ended by a rapid centrifugation and [ 3 H]HA levels in the superna- 
tant were determined after an ion-exchange chromatography purifi- 
cation. Release was expressed as the percent fraction of total [ 3 HJHA 
initially present in the synaptosomal preparation. Typically total 
[ 3 H]HA represented about 3,500 dpm/mg protein and total radioac- 
tivity about 100,000 dpm/mg protein in the test tube. 

Assay of t-MeHA in brain. Male Swiss mice (18-20 g) or male 
Wistar rats (140-160 g) (Iffa-Credo, L'Arbresle, France) were fasted 
for 24 hr before p.o. administration. After treatment animals were 
killed by decapitation, the brain was dissected out and homogenized 
in 10 volumes (w/v) of ice-cold perchloric acid (0.4 N). The clear 
supernatant obtained after centrifugation (2000 x g, 30 min, + 4°C) 
was stored at -20°C before measuring the t-MeHA level by radio- 
immunoassay as described (Garbarg et aL, 1992). Changes were 
evaluated statistically by the Student's t test. 

[ 125 I]Iodoproxyfan binding assays. The procedure for binding 
assays to rat striatal brain membranes was that described by 
Ligneau et al. (1994). Aliquots of membrane suspension [100 /il 
containing 15 to 20 fig of protein determined according to Lowry et 
aL (1951) using bovine serum albumin as standard] were incubated 
for 60 min at 25°C with 25 pM [ 125 I]iodoproxyfan (K d = 65 ± 4 pM) 
alone or together with competing drugs dissolved to give a final 
volume of 200 /d in a phosphate buffer medium (Na 2 HP0 4 /KH 2 P0 4 
50 mM, pH 6.8). Incubations performed in triplicate were stopped by 
four additions of 5 ml ice-cold medium followed by rapid filtration 
through glass microfiber filters (GF/B, Whatman, Maidstone, U.K.) 
presoaked in a 0.3% polyethylene imine ice-cold buffer. Radioactivity 
trapped on filters was measured on a gamma counter. 
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Fig. 1. Chemical structure of ciproxifan, i.e., cyclopropyl-<4-(3-(l//-imi- 
dazol-4-yl )propyloxy)phenyl) ketone. 



Histamine H x receptor assay on guinea pig ileum. The pro- 
cedure used was that described by Pertz and Elz (1995). 

Histamine H 2 receptor assay on guinea pig right atrium. 
The procedure used was that described by Pertz and Elz (1995). 

Muscarinic M 3 receptor assay on guinea pig ileum. The 
procedure used was that described by Pertz and Elz (1995). 

Adrenergic or lD receptor assay on rat aorta. The procedure 
used was that described by Hirschfeld et aL (1992). 

Adrenergic 0, receptor assay on guinea pig right atrium. 
The procedure used was that described by Pertz and Elz (1995). 

Serotoninergic 5-HT 1B receptor assay on guinea pig iliac 
artery. The procedure used was that described by Pertz f 1993). 

Serotoninergic 5-HT 2A receptor assay on rat tail artery. The 
procedure used was that described by Pertz and Elz 11995). 

Serotoninergic 5-HT ;t receptor assay on guinea pig ileum. 
The procedure used was that described by Elz and Keller fl995). 

Serotoninergic 5-HT 4 receptor assay on rat esophagus. The 
procedure used was that described by Elz and Keller (1995). 

Histamine H 3 receptor assay on guinea pig ileum. The pro- 
cedure used was that described by Ligneau et aL (1994). Briefly, 
longitudinal muscle strips from guinea pig small intestine were 
dissected out and incubated in a gassed (yCOj (95%/5%) modified 
Krebs-Ringer's bicarbonate medium at -r37°C in presence of 1 jiM 
mepyramine to block the H, receptor. After equilibration, contractile 
activity under stimulation (rectangular pulses of 15 V, 0.5 msec, 0.1 
Hz) was recorded. Concentration-response curves of the effect of 
(i?)a-MeHA alone or together with the antagonist were established. 

Radioreceptor assay of H 3 -receptor ligands in serum. Male 
Swiss mice (18-20 g, Iffa-Credo, L'Arbresle, France) were fasted for 
24 hr before ciproxifan administration. At various times thereafter, 
mice were decapitated. Blood was collected at +4°C, serum collected 
after centrifugation (100 X g t 10 min, +4°C), and stored at -20°C. 
Ciproxifan levels were measured with the following radioreceptor 
assay derived from the [ 3 H]0?)cr-MeHA binding assay (Garbarg et al 
1992). 

Male Wistar rats (160-180 g, Iffa-Credo, L'Arbresle, France) were 
decapitated and the brain was removed immediately. The cerebral 
cortex was dissected out and homogenized in 10 volumes (w/v) of 
ice-cold 50 mM Na 2 HP0 4 /KH 2 P0 4 buffer, pH 7.5 using a Polytron. 
After a centrifugation (140 X g, 10 min, +4°C), the supernatant was 
recentrifuged (23,000 x g, 10 min, +4°C). The last pellet was washed 
superficially with and then resuspended in fresh ice-cold phosphate 
buffer to constitute the membrane fraction used for the binding 
assay. One-ml aliquots of the membrane suspension containing 300 
to 330 fig of protein [determined according to Lowry et aL (1951) 
using bovine serum albumin as standard] were incubated for 60 min 
at +25°C with 1 nM of [ 3 H](fl)a-MeHA alone or together with dif- 
ferent concentrations of ciproxifan in diluted serum of ciproxifan- free 
mice (standardization curve) or with diluted serum samples of cip- 
roxifan-treated mice. Specific binding was denned as that inhibited 
by 3 /i.M thioperamide. Incubations were performed in triplicate and 
stopped by four additions of 5 ml of ice-cold phosphate buffer followed 
by rapid filtration through glass microfiber filters (GF/C, Whatman, 
Maidstone, U.K.) presoaked in 0.3% polyethylene imine ice-cold 
phosphate buffer. Radioactivity trapped on filters was measured by 
liquid scintillation spectrometry (Wallac 1410, EG&G, Evry, 
France). The standardization curves were established using a one- 
site competition model (GraphPad Prism, San Diego, CA) and H 3 - 
receptor ligand concentrations in serum were calculated using these 
curves and expressed as ciproxifan concentrations. In the conditions 
retained, the detection limit of the radioreceptor assay corresponded 
to a concentration of 20 nM ciproxifan in serum. Changes in H 3 - 
receptor ligand concentrations in serum with time were analyzed 
using either a point to point nonlinear model or the two phase 
exponential decay analysis model (GraphPad Prism). 

(/2)a-Me HA- induced water consumption in rats. The proce- 
dure used was that described by Clapham and Kilpatrick (1993) with 
slight modifications. Briefly, male Lister hooded rats (280-320 g, 
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Charles River, St Aubin les Elbeuf. France), housed in cages of 10. 
were allowed free access to food and water. Experiments were car- 
ried out between 10 A.M. and 1 P.M. Drugs in 0.9% N'aCl solution were 
administered i.p., each rat receiving two injections [vehicle or (R')a- 
McHA 10 mg/kg/p.o.. and vehicle or ciproxifanl of 250 pd each. After 
drug treatments, rats were returned to their home cage with food 
(standard pellet) and without water for 30 min. Then they were 
placed in individual cages with only a water supply and 10 min later, 
the amount of water consumed was recorded by weighing. Statistical 
evaluation of results was performed by Student's t test. 

Analysis of neocortical EEG power spectral density and 
sleep-wake in the cat. Cats, a species in which the role of the H :1 
receptor in sleep-wake control has been demonstrated, were used in 
this experiment (Lin et a/., 1990). Briefly, five adult cats of both sexes 
weighing 2.7 to 3.S kg were chronically implanted, under pentobar- 
bital anesthesia i'25 mg/kg, i.v.), with electrodes for polygraphic 
recordings of neocortical and hippocampal EEG, ponto-geniculo- 
occipital activity, electromyogram and electrooculogram. In addition, 
a thermistor (10 K3 MCD2, Betatherm, 10 KH at 25°C, outer diam- 
eter of 0.45 mm) was placed in the caudate nucleus to record brain 
temperature. After a recovery period of 7 days the cats were housed 
in a sound-attenuated and dimly illuminated cage set at 24 to 26°C 
and fed daily at 6 P.M. with a normal standard diet. Polygraphic 
recordings were performed for 4 days to obtain the basic qualitative 
and quantitative parameters of the sleep-wake cycle. 

Ciproxifan at doses of 0 (placebo), 0.15, 0.3, 0.7 and 2 mg/kg was 
administrated orally at 11 A.M. Subsequent polygraphic recordings 
were made for at least 24 hr. They were then scored minute by 
minute according to previously described criteria (Lin et aL, 1990) for 
wakefulness (W), light slow wave sleep (SI), deep slow wave sleep 
(S2) and paradoxical sleep (PS). In some animals, neocortical EEG 
signals from the first 6 hr after placebo or drug administration were 
digitized at a sample rate of 128 Hz and computed on a CED 1401 
Plus (Cambridge Electronic Design, Cambridge, U.K.). The power 
spectral density was averaged over 30-sec epochs for the frequency 
range of 0.25 to 50 Hz by a Fast Fourier Transform routine using the 
CED program Spike2 and correlated with sleep- wake stages. 

Five-choice task in rats. Male Lister hooded rats (Olac, Bices- 
ter, U.K.) were housed in pairs in a temperature-controlled (21°C) 
room that was illuminated in accordance with an alternating 12-hr 
light/dark cycle. Rats were food deprived and maintained at 85% of 
their free-feeding weight (MRC Diet 4 IB laboratory food) throughout 
the experiment while water was available ad libitum. 

The test apparatus and procedure were as described in detail by 
Muir et aL (1994). Rats were trained to discriminate a brief visual 
stimulus presented in one of five spatial location during 30-min 
sessions. Rats initiated a trial by opening the magazine panel. After 
a ;5-sec inter-trial interval a light at the rear of one of the five 
apertures was illuminated for 0.5 sec. Correct responses to the stim- 
ulus location were rewarded with the delivery of food pellets. Having 
obtained stable performance on the task (>80% correct responses), 
attentional demand of the task was increased by reducing the stim- 
ulus duration to 0.25 sec in certain drug sessions as described pre- 
viously (Muir et aL, 1994, 1995). Drugs or the vehicle (saline) were 
administered i.p. 1 hr before the test session (0.5- or 0.25-sec stim- 
ulus duration) according to a Latin square design. A rest day fol- 
lowed by a baseline day separated each drug test day. 

Analysis of data. Maximal effects, ED 50 , EC 50 and IC 50 values 
were determined using an iterative computer least-squares method 
derived from that of Parker and Waud (1971) with the following 
nonlinear regression: effect of the drug = ([maximal effect of the 
drug]. [drug dose-or-concentrationl)/([drug dose-or-concentration] + 
(ED 50 or EC 50 or IC 50 )). 

K t values of H 3 -receptor antagonists are calculated from their IC 50 
values, assuming a competitive antagonism and by using the rela- 
tionship (Cheng and Prussoff, 1973): 

^ = IC 50 /(1 + (S/^)) 



where 5 and K ti represent respectively either the concentration and 
the dissociation constant of the radioligand in binding experiments 
or the concentration of HA and its EC 50 in [ 3 H]HA release experi- 
ments. When a fixed concentration of ciproxifan, tested as an antag- 
onist, was added to increasing imetit concentrations, the K value of 
ciproxifan was calculated from the following equation (Cheng and 
Prussoff, 1973) 

A>//[(EC 50 '/EC 50 )-11 

where EC S0 and EC 50 ' are the imetit concentrations required to 
obtain half-maximal inhibition of release in the absence and pres- 
ence of ciproxifan respectively, and / is the ciproxifan concentration. 

Radiochemicals and drugs. [ 1 - 5 I]Iodoprox> r fan and [ 3 HK/?)rt- 
MeHA (specific activities at reference date of 2000 and 38.0 Ci/mmol. 
respectively) were from Amersham tAmersham. U.K.). All drug 
doses are expressed as free base of compound. Administration to 
animals was performed with drug preparation in 13- methylcellulose 
for the oral route, in 0.9% NaCl for i.v. and i.p. routes. The drugs and 
their sources were as follows: ciproxifan [cycIopropyl-(4-(3-f ltf-imi- 
dazol-4-yl)propyloxy)phenyl) ketone) synthesis was described in the 
patent application (Schwartz et aL, 1996); thioperamide and (i?)u- 
MeHA (Laboratoire Bioprojet, Paris, France); carboperamide 
ll-(heptanoyl)-4-(l//-imidazol-4-yl)piperidinel was from M. Robba 
(University of Caen, France); clobenpropit was provided by H. Tim- 
merman (Vrije Universiteit, Amsterdam, The Netherlands); iodo- 
proxyfan was synthesized at the Freie Universitat Berlin; imetit was 
synthesized by S. Athmani (University College, London, U.K.). All 
other chemicals were obtained from commercial sources and were of 
the highest purity available. 

Results 

Effects of ciproxifan on H 3 -receptor functional mod- 
els in vitro. The H 3 -receptor agonist imetit inhibited the 
[ 3 H]HA release with a maximal effect of 54 ± 2%. Pharma- 
cological parameters were estimated using the H 3 -receptor 
controlled inhibition curve of the [ 3 H]HA release. Imetit con- 
centration required for half inhibitory effect of its own max- 
imal effect was 1.6 ± 0.3 nM and the corresponding pseudo- 
Hill coefficient (n H ) of this concentration response curve was 
close to unity (0.85 ± 0.15). Ciproxifan (15 nM) induced a 
parallel rightward shift of the concentration-response curve 
for imetit and tended by itself to increase (—20%) the K^- 
induced [ 3 H]HA release; the antagonism developed by cip- 
roxifan was entirely surmounted in the presence of the high- 
est imetit concentrations tested (fig. 2). The half-maximal 
inhibitory concentration for imetit in the presence of ciproxi- 
fan (estimated considering the total H 3 -receptor controlled 
inhibition curve) was 12.8 ±1.8 nM, leading to an apparent 
K ( value of 1.9 ± 0.3 nM for the antagonist. 

Histamine (1 /xM) inhibited its own release by 55 ± 2%, 
and a series of H 3 -receptor antagonists progressively re- 
versed this response with n H coefficients close to unity (fig. 
3). IC 50 values (nM) of the various compounds were 9.2 ± 1.8 
(ciproxifan), 75 ± 19 (thioperamide), 377 ± 38 (carboperam- 
ide), 11 ± 3 (clobenpropit) and 99 ± 5 (iodoproxyfan) leading 
to Ki values reported in table 1, assuming a competitive 
inhibition. 

Ciproxifan (3-300 nM) competitively antagonized the (R)a- 
MeHA induced relaxation of the electrically stimulated 
guinea pig ileum longitudinal muscle (Ligneau et aL, 1994) 
without significantly affecting the maximum response of the 
H 3 -receptor agonist in the absence of ciproxifan [91 ± 5 (3 nM 
ciproxifan, n - 2), 100 ± 4 (10 nM, n = 6), 110 ± 10 (30 nM, 
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Fig. 2. Effect of ciproxifan on the inhibition by imetit of the K*-induced 
l :1 HjHA release from synaptosomes of rat cerebral cortex. Synaptosomes 
prein cuba ted with [ 3 HlL-histidine were incubated for 5 min in the pres- 
ence of imetit in increasing concentrations, alone or together with cip- 
roxifan at a fixed (15 nM) concentration. They were subsequently depo- 
larized for 2 min in the presence of .'JO mM K + (final concentration*. The 
spontaneous efflux of ( :, H]HA (2 mM K* ) represented 14 ± 2% of the total 
[ :I H]HA in synaptosomes. In the presence of added agents. 1 3 H]HA release 
induced by 30 mM K *" (expressed in percent of total [ y H]HA uver spon- 
taneous efflux) represented 17 ± 2%. Each point represents the mean r 
S.E.M. of results from three different experiments with quadruplicate 
determinations each. 



120 



Ciproxifan 
Thioperamide 
Carboperamide 
Ctobenpropit 
fodoproxyfan 

3 =7 3 -S~ 
Log concentration (M) 

Fig. 3. Effects of H 3 -receptor antagonists on the inhibition by HA of the 
K^-induced [ 3 H]HA release from rat cerebral cortex synaptosomes. Syn- 
aptosomes preincubated with I /iM HA alone or together with one of the 
compounds at increasing concentrations. They were depolarized for 2 min 
in the presence of 30 mM K*\ Each point represents the mean result from 
three different experiments with quadruplicate determinations each. 

TABLE 1 

In vitro and in vivo potencies of H 3 -receptor antagonists 




Compounds 


In Vitro Tests (K h nM) 


In Vivo Test 
(ED 50 , mg/kg, p.o.) 


f 

[ 3 H1HA release 0 


l l25 I]Iodoproxyfan 
binding* 


Increase in t-MeHA 
level in mouse brain c 


Ciproxifan 


0.5 ±0.1 


0.7 ± 0.2 


0.14 * 0.03 


Thioperamide 


4 ± 1 


4 ± 1 


1.0 ± 0.5 ' 


Carbope rami d e 


20 ± 2 


6 ± 2 


3.9 ± 0.8 


Clobenpropit 


0.6 ± 0.2 


0.5 ± 0.1 


-25 


Iodoproxyfan 


5 ± 1 


0.2 ± 0.1 


>25 



° Data from Fig. 3 except for thioperamide (from Arrang et al., 1987) and iodo- 
proxyfan (from Ligneau et al., 1994). 

6 Data from Ligneau et al. (1994) except for ciproxifan (fig. 4). 

c Data from figure 8 except for thioperamide (from Ganellin et al., 1996) and 
iodoproxyfan (from Stark et aL, 1996). 



n = 6), 105 ± 9 (100 nM, n = 6) and 87 ± 1% (300 nM, n = 
6) vs. 100% relaxation in the absence of ciproxifan]. Schild 
analysis revealed a slope of 0.92 ± 0.04, not significantly 
different from unity (n = 26). After imposing the unity con- 
straint, a pA 2 value of 8.38 ± 0.03 was calculated for ciproxi- 
fan. 

Effect of ciproxifan and other H 3 -receptor antago- 
nists on [ l25 I]iodoproxyfan binding. At 25 pM [ 125 I]iodo- 
proxyfan the specific binding to rat striatal membranes rep- 
resented 8.4 ± 0.4 fmol/mg of protein, i.e., 46 ± 1% of the 
total, and was completely and monophasically displaced by 
all compounds (fig. 4). From these displacement curves IC 50 
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Fig. 4. Inhibition of [ l ~ 5 Ijiodoproxyfan binding to rat striatal membranes 
by various histaminergic agents. Membranes were incubated for 60 min 
at 25*0 with 25 pM l l25 I] iodoproxyfan and unlabeled H 3 -reccptor antag- 
onists in increasing concentrations. Specific binding, defined as that 
inhibited by 1 ^lM </?)a-MeHA. represented 46 ~ 1% of the total binding. 
Results are expressed as percentages of specific l l25 IJiodoproxyfan bind- 
ing in the absence of unlabeled agents. Each point and vertical bars 
represent the mean i S.E.M. of results from three different experiments 
with triplicate determinations each. 

values for the compounds were deduced leading to the K t 
values presented in table 1. 

Receptor selectivity of ciproxifan. The compound dis- 
played low apparent affinity at other receptor subtypes as 
evaluated in functional tests on isolated organs (histamine 
H 1 and H 2 , muscarinic M 3 , adrenergic a 1D and serotonin 
5-HT lB , 5-HT 2A , 5-HT 3 and 5-HT 4 ) (fig. 5). In addition, cip- 
roxifan displayed a K k value higher than 1 ptM in a large 
variety of radioligand binding tests (Panlabs screen), except 
at [ 3 H]pirenzepine binding to rat cerebral cortex membranes 
where its IT, was about 1 /ulM (data not shown). 

Changes in serum drug concentration in animals 
treated with ciproxifan. After i.v. administration of 1 
mg/kg ciproxifan to mice (fig. 6B), the H 3 -receptor ligand 
concentration in serum decreased progressively, fitting a typ- 
ical biexponential decay model with half-times (t^) of 13 and 
87 min for the distribution and elimination phases, respec- 
tively. The quality of this fit is given by an R 2 value of 0.985. 
At 6 hr, the serum ligand concentration was still detectable 
with a value of 23 ± 6 nM. When ciproxifan was given orally, 
also at 1 mg/kg (fig. 5A), serum ligand level rose rapidly, 
being maximal at 30 min with a maximal concentration 
(C max ) value of 420 ± 40 nM; then, the ligand concentration 
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Fig. 5. Receptor selectivity profile of ciproxifan. The affinity of the com- 
pound at the H 3 receptor (p/C; from I 3 HI HA release assay) is compared to 
corresponding values obtained in functional tests in isolated organs. 
Other values represent mean t. S.E.M. pA^ (Arunlakshana and Schild, 
1959) from n = 3 to 12 preparations except for the H 2 - and /3 X -receptor 
assay (pD' 2 according to Van Rossum. 1963). 
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Fig. 6. Serum drug concentration in mice receiving ciproxifan. Mice were 
killed after p.o. (A) or i.v. (B) administration of ciproxifan (1 mg/kg), and 
drug concentrations were evaluated in serum by a radioreceptor assay. 
Means ± S.E.M. of values from six mice. 

decreased but still remained measurable at 6 hr (27 ± 5 nM). 
The AUCs were 1425 and 890 nM.hr after i.v. and p.o. ad- 
ministrations, respectively, leading to an oral bioavailability 
coefficient (AUCp.o./AUCi.v..l00%) of 62%. 

In rats {n = 3) receiving 1 mg/kg ciproxifan p.o., the time- 
course of changes in serum ligand concentration were com- 
parable to those in mice with a mean AUC of 2,225 nM.h, a 
C max of 881 ± 322 nM, also observed at 30 min, and a level of 
96 ± 4 nM at 6 hr (not shown). 

In one cat receiving 3 mg/kg of ciproxifan orally serum 
levels (/jlM) were of 0.14 (0.5 hr), 4.0 (1 hr), 2.2 (1.5 hr), 0.27 
(3 hr) and 0.12 (6 hr) leading to an AUC of 5.07 juLM.hr at this 
dose. 

Changes in brain t-MeHA level after administration 
of ciproxifan or other H 3 -receptor antagonists. After 
the administration of ciproxifan (1 mg/kg, p.o.), brain 
t-MeHA level rose rapidly, being already significantly in- 
creased after 30 min, reaching a plateau between 90 and 180 
min and still remaining enhanced after 270 min (fig. 7). In 
mice receiving pargyline, a monoamine oxidase inhibitor, 



■ Control 

* Pargyline 
» Ciproafan 

♦ Pargyline 

+ ciproxifan 



2 3 
Time (h) 

Fig. 7. Changes in brain t-MeHA levels in control and pargyline-treated 
mice after administration of ciproxifan. Mice were killed at various times 
after simultaneous administration of vehicle or ciproxifan (1 mg/kg, p.o.) 
and vehicle or pargyline (65 mg/kg, i.p.). t-MeHA levels are expressed in 
ng/g of tissue. Means - S.E.M. of values from 12 mice. 




t-MeHA level increased linearly with time at a rate of 55 
ng/g/hr. whereas coadministration of pargyline and ciproxi- 
fan enhanced this rate to 120 ng/g/hr. 

The dose-response curves of ciproxifan and a series of other 
H 3 -receptor antagonists were established by measuring t- 
MeHA levels 90 min after oral administration (fig. 8). Cip- 
roxifan, thioperamide and carboperamide. maximally in- 
creased t-MeHA level to an equivalent extents about 2-fold 
over basal values. However, clobenpropit, at the highest dos- 
age tested (30 mg/kg, p.o.) maximally enhanced t-MeHA level 
by 45%, and iodoproxyfan (10 mg/kg, p.o.) did not signifi- 
cantly modify this level. The ED 50 values of the compounds, 
derived from data of figure 8, are reported in table 1. 

Similar experiments performed in rats receiving ciproxifan 
orally led to ED 5n values ( mg/kg) of 0.23 ± 0.04 in cerebral 
cortex, 0.28 ± 0.08 in striatum and 0.30 ± 0.08 in hypothal- 
amus with similar maximal enhancements of about 100% 
'not shown). 

The time-course of the changes in t-MeHA levels in mouse 
brain elicited by oral administration of 0.3 mg/kg ciproxifan 
and 3 mg/kg thioperamide (fig. 9) were analyzed in terms of 
AUCs, leading to values (in percent increase.hr) of 597 and 
425, respectively. 

Effect of ciproxifan on the water consumption in- 
duced by an H 3 -receptor agonist. The H 3 -receptor agonist 
(R)a-MeHA (10 mg/kg, i.p.) markedly enhanced water con- 
sumption in rats, an effect that was progressively reversed by 
coadministration of ciproxifan in increasing dosage, the ID 50 
of the antagonist being 0.09 ± 0.04 mg/kg (fig. 10). Ciproxifan 
alone (3 mg/kg) did not significantly modify water consump- 
tion (fig. 10). 

Effect of ciproxifan in the five-choice task in rats. 
Analysis of variance revealed a significant drug x stimulus 
duration interaction IF(1,9) = 12.19, P < .01]. As shown in 
figure 11, reducing the duration of the visual stimulus to 0.25 
sec resulted in a significant reduction in the accuracy of 
performance compared to the baseline (0.5 sec) stimulus con- 
dition. Newman Keuls post hoc comparisons revealed that 
this reduction in performance was significant and that choice 
accuracy significantly increased after administration of 3.0 
mg/kg of ciproxifan under the shorter stimulus condition 
compared to performance after administration of the vehicle 
(P < .05). There was no significant effect of this manipulation 
of the stimulus duration or of ciproxifan on any of the other 
measures recorded (i.e. , speed, anticipatory or perseverative 
responses and errors of omission). 

Effects of ciproxifan on neocortical EEG power spec- 
tral density and sleep-wake cycle in cat. Administration 
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Fig. 8. Changes in brain t-MeHA levels in mice receiving H 3 -receptor 
antagonists. Mice were killed 90 min after the p.o. administration of 
vehicle or drugs in increasing doses. t-MeHA levels in treated mice are 
expressed in percent increase as compared to levels in control mice (133 ± 
7 ng/g). Means ± S.E.M. of values from 12 mice. 
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Fig. 9. Changes in brain t-MeHA levels in mice receiving ciproxifan or 
thioperamide. Mice were killed at various times after the p.o. adminis- 
tration of vehicle, ciproxifan (0.3 mg/kg) or thioperamide mg/kg). t- 
MeHA levels are expressed in percent increase as compared to levels in 
corresponding controls. Means r S.E.M. of values from IS mice. 
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Fig. 10. Effect of ciproxifan on the (7?)a-MeHA-induced water consump- 
tion in rats. Water consumption was measured over a 10-min period, 30 
to 40 min after i.p. administrations of CR)o>MeHA and ciproxifan. 
Means ± S.E.M. of values from 5 to 10 rats per treatment group (data 
from two experiments). *P < .05 vs. vehicle. 
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Fig. 11. Effects of ciproxifan in the five-choice task in rats. The drug was 
administered (3 mg/kg, i.p.) 1 hr before the test session. The accuracy of 
responding, expressed as the percentage of correct responses, was signif- 
icantly (*P < .05) improved by treatment only when the stimulus dura- 
tion was 0.25 sec instead of 0.50 sec. 



of ciproxifan caused suppression or diminution (depending on 
the dose used) of neocortical slow activity (0.8-5 Hz) and 
spindles (8-15 Hz), resulting in a total cortical activation, 
i.e., low voltage electrical activity with dominant waves in 
the /3 and y bands (mainly 25-45 Hz). Furthermore, ciproxi- 
fan increased the power density of these neocortical fast 
rhythms (fig. 12). These effects, occurring within 25 min after 
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Fig. 12. An example of the effects of oral administration of ciproxifan on 
cortical EEC and sleep-wake cycle in cat. Neocortical EEG power density 
(mV-) in different frequency bands and sleep-wake cycle 1 hr before and 
up to 5 hr after administration of 2 mg/kg ciproxifan (arrow) are given. 
Note, from bottom to top, that ciproxifan elicited a total waking state 
accompanied by a suppression of cortical slow frequency activity (0.8-5 
Hz I and spindle (8-15 Hz) and a marked increase in fast rhythms 125-45 
Hz). Abscissa, Time in hours; ordinate, sleep-wake stages (PS, paradox- 
ical sleep; S2, deep slow wave sleep; Si, light slow wave sleep; W, 
wakefulness). 

administration (fig. 12) were detectable at a dose of 0.15 
mg/kg and became evident at a dose of 0.3 mg/kg or more (fig. 
13). 

The effects of ciproxifan on neocortical EEG were mani- 
fested on polygraphs scoring as an almost total waking state, 
the duration of which was dose dependent. This waking effect 
was characterized by an increase in wake-episode duration 
and a delayed sleep latency. During the same period both 
slow wave sleep (especially S2) and PS were suppressed (fig. 
13). After the period of induced total waking, cortical slow 
activity gradually reappeared, but an increase in waking 
could be seen during a period proportional to the doses used. 
No obvious sleep rebound was noted after the waking effect, 
and all sleep-wake parameters including power spectral den- 
sity of neocortical EEG returned to control levels on the next 
day. The arousal effects of ciproxifan (0.3 mg/kg) were pre- 
vented or significantly reduced by prior (15 min) systemic 
injection of either mepyramine (1 mg/kg), an H r receptor 
antagonist, or imetit (3 mg/kg), an H 3 -receptor agonist (not 
shown). 

Discussion 

From our present in vitro and in vivo studies, ciproxifan 
appears as a pure competitive antagonist at the histamine H 3 
receptor, one of the most potent so far available. 

Our selection of the molecule was initially based on its 
ability to block the actions of histamine or imetit, a selective 
H 3 -receptor agonist, at the autoreceptor regulating the re- 
lease of neosynthesized [ 3 H]HA from K + -depolarized synap- 
tosomes, according to a previously described model (Arranger 
a/., 1983; Garbarge* a/., 1989, 1992). On this model, ciproxi- 
fan induced a parallel rightward shift of the concentration- 
response curve to imetit, indicative of a competitive antago- 
nism with an apparent dissociation constant in the low 
nanomolar range. Ciproxifan in increasing concentration also 
progressively blocked the (fl)a-MeHA-induced relaxation of 
the electrically stimulated longitudinal muscle of guinea pig 
ileum in a competitive fashion. At these various functional 
models as well as the [ 125 I]iodoproxyfan binding tests, the 
drug displayed similarly low apparent dissociation constants 
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Fig. 13. Representative hypnograms 1.4 hr) obtained 
in cats after oral administration of ciproxifan at dif- 
ferent doses. Note the dose-dependent waking effect. 
Abscissa. Time in hours; ordinate, sleep-wake stages 
(PS, paradoxical sleep; S2. deep slow wave sleep; Si. 
light slow wave sleep; W. wakefulness;. 
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(Kj — 0.5-4.2 nM), an observation that does not support the 
hypothesis of the existence of H 3 -receptor subtypes (Clapham 
and Kilpatrick, 1992). The hypothesis, mainly based on dis- 
crepancies in potency of some compounds in binding and 
functional models, is not supported either by the closely 
similar potencies of other antagonists in different models, 
examplifled in table 1 (with the exception of iodoproxyfan for 
which the discrepancy can be fully explained by a slow equil- 
ibration rate). 

The high degree of selectivity of ciproxifan toward the 
histamine H 3 receptor was shown by the observation that the 
drug displayed lower affinity by about three orders of mag- 
nitude for any other receptor subtype on which it was tested 
(see "Results"). 

Although some compounds in vitro were as potent as or 
even more potent than ciproxifan at the H 3 receptor, e.g., 
clobenpropit and iodoproxyfan, ciproxifan given orally to 
mice enhanced brain t-MeHA levels at much lower dosage 
(ED 50 = 0.14 rag/kg) than any of these compounds. A similar 
change, occurring with ED 50 of 0.2-0.3 mg/kg p.o., was found 
in various areas of rat brain. t-MeHA is the product of the 
major metabolic pathway for endogenous HA in brain 
(Schwartz et aL, 1971), and its steady-state level is a reliable 
index of histaminergic neuron activity (Oishi et aL, 1983). 
The increase in t-MeHA level induced by the H 3 -receptor 
antagonists corresponds to an enhanced HA release, reflect- 
ing the tonic inhibition that the endogenous amine exerts on 
this process and on neuronal firing via stimulation of auto- 
receptors in the somatodendritic or terminal area of hista- 
minergic neurons. In agreement, ciproxifan (1 mg/kg, p.o.) 
enhanced HA turnover rate in mouse brain, evaluated from 
the rate of t-MeHA accumulation after monoamine oxidase 
inhibition, from a value of 55 ng/g/hr, consistent with corre- 
sponding values obtained in the same species using either 
isotopic (Verdiere et aL, 1977) or nonisotopic methods (Oishi 
et aL, 1989), to a value of 120 ng/g/hr. 

A similar maximal effect, corresponding to a nearly dou- 
bling of t-MeHA level, was obtained with thioperamide or 
carboperamide whereas, at the maximal dose tested of clo- 
benpropit (30 mg/kg), this level was not reached and no 
significant change occurred after administration of iodo- 
proxyfan (fig. 8) despite the high potency of these compounds 
in vitro. 

In the case of ciproxifan, a rather high oral bioavailability 
was evidenced by the ratio (>60%) of AUCs of H 3 receptor 
binding activity in blood serum, measured by using a novel 



radioreceptor assay, following drug administration i.l mg/kg) 
by p.o. and i.v. routes, respectively. The rather slow kinetics 
of ciproxifan are indicated by a serum level still about 10 
times above the K t value of the drug at the H :J receptor 6 hr 
after oral administration. At this time, t-MeHA levels in 
brain are still enhanced by 24 ± 11% (fig. 9). Such compari- 
son between drug levels in blood and a typical brain response 
in rodents might be useful to predict effective dosages in 
other species, particularly humans, in which only blood levels 
are available, assuming a similar ability of the drug to cross 
the blood-brain barrier. A similarly favorable bioavailability 
of ciproxifan on oral administration to rats and cats is sug- 
gested by measurements of t-MeHA and drug serum levels, 
respectively (see "Results"). 

Characteristic behavioral responses were found in rats and 
cats receiving ciproxifan in low dosage. In water-deprived 
rats, ciproxifan blocked the enhancement of drinking elicited 
by (tf)a-MeHA, an H 3 -receptor agonist (Clapham and Kil- 
patrick, 1993), with an ID 50 value of -0.1 mg/kg. The exact 
site (central or peripheral) and mechanism of action of H 3 - 
receptor ligands in this test has not been clearly established. 
Thus, whereas the involvement of the renin-angiotensin sys- 
tem in HA-induced drinking was postulated by Kraly and 
Miller (1982), an A^ antagonist did not affect the {R)a- 
MeHA-induced drinking (Clapham and Kilpatrick, 1993). 
The observation that (7?)a-MeHA-induced drinking is blocked 
at doses of ciproxifan (this study), thioperamide and partic- 
ularly clobenpropit (Barnes et aL, 1993), close to those en- 
hancing endogenous HA release in brain (table 1), suggests 
that H 3 receptors in brain rather than in periphery are in- 
volved. The observation that ciproxifan or thioperamide 
given alone do not affect drinking suggests that the effect of 
CR)a-MeHA is mediated by H 3 hetero- rather than autorecep- 
tors. In agreement, H 3 receptors on noradrenergic, serotonin- 
ergic, cholinergic, dopaminergic or peptidergic neurons do 
not appear to be, as with those on histaminergic neurons, 
tonically modulated by endogenous HA, because they re- 
spond to agonists but not to antagonists given alone 
(Schwartz et aL, 1991, 1995; Schlicker et al., 1994). 

The marked dose-dependent waking effect of ciproxifan in 
cats is consistent with a large variety of experimental evi- 
dence showing that histaminergic neurons play a prominent 
role in cortical activation and arousal in cats and rats (re- 
viewed by Lin et aL, 1996; Schwartz et aL, 1991, 1995). The 
arousing effects of H 3 -receptor antagonists, characterized by 
an enhancement of wakefulness at the expense of slow wave 
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and paradoxical sleep, was previously shown in both animal 
species using thioperamide (Lin et aL, 1990; Monti et a/.. 
1991) and carboperamide (Monti et aL, 1996). The effect of 
ciproxifan was, as in the case of thioperamide (Lin et aL, 
1990), prevented by administration of mepyramine, an H r 
receptor antagonist, suggesting that it resulted from a H 3 - 
receptor mediated enhancement of endogenous HA release. 
The brain site(s) at which endogenous HA promote(s) cortical 
EEG desynchronization via activation of the H, receptor 
could be one of the brain areas to which ascending or de- 
scending histaminergic pathways project known to express 
the Hi receptor and to control sleep/wakefulness states. 
These potential targets comprise cortical neurons receiving 
direct histaminergic projections from the tuberomammillary 
nucleus, preoptic anterior hypothalamic neurons, thalamic 
relay neurons and basal forebrain or mesopontine tegmen- 
tum neurons (Lin et aL, 1996). 

Because the effect of ciproxifan in cats was to enhance 
fast cortical rhythms, known to occur during increased 
vigilance, and to cause a quiet waking state, a positive 
outcome in attentional tests could be anticipated. In con- 
firmation the drug significantly enhanced choice accuracy 
in the five-choice serial reaction-time task when a visual 
stimulus of short duration (0.25 sec) was used. Such re- 
duction of the stimulus duration increases the attentional 
load placed on the task, reduces choice accuracy and has 
been used to observe the effects of cholinergic agents on 
attentional function (Muir et aL, 1994, 1995). "Pro-cogni- 
tive" effects of the H 3 -receptor antagonist thioperamide 
have been reported in other behavioural tasks, e.g., step- 
through passive avoidance response in senescence-acceler- 
ated mice (Meguro et aL, 1995); elevated plus-maze per- 
formance in mice with scopolamine-induced learning 
deficits (Miyazaki et aL, 1995) and in a test of social 
memory in rats (Prast et aL, 1996). However, it has also 
been reported that thioperamide failed to improve scopol- 
amine-induced attentional dysfunction in the same 
5-choice task used in the present study (Kirkby et aL, 
1996). 

Taken together these various observations suggest that 
ciproxifan is a potent, orally active H 3 -receptor antagonist 
and it seems of interest to assess its potential therapeutic 
applications, namely in aging or degenerative disorders in 
which vigilance, attention and memory are impaired. 
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Wakefulness is a functional brain state that allows the performance of several "high brain functions", 
such as diverse behavioural, cognitive and emotional activities. Present knowledge at the whole animal 
or cellular level suggests tlrnt the maintenance of the cerebral cortex in this highly complex state 
necessitates the convergent and divergent activity of an ascending network within a large reticular zone, 
extending from the medulla to the forebrain and involving four major subcortical structures (the 
thalamus, basal forebrain, posterior hypothalamus and brainstem monoaminergic nuclei), their integral 
interconnections and several neurotransmitters, such as glutamate, acetylclioline, histamine and nor- 
adrenaline. In this mini-review, the importance of the thalamus, basal forebrain and brainstem mono- 
aminergic neurons in wake control is briefly summarized, before turning our attention to the posterior 
hypothalamus and histaminergic neurons, which have been far less studied. Classical and recent 
experimental data are summarized, supporting the hypothesis that (1) the posterior hypothalamus 
constitutes one of the brain ascending activating systems and plays an important role in waking; (2) this 
function is mediated, in part, by histaminergic neurons, which constitute one of the excitatory sources 
for cortical activation during waking; (3) the mechanisms of histaminergic arousal involve both the 
ascending and descending projections of histaminergic neurons and their interactions with diverse 
neuronal populations, such as neurons in the pre-optic area and cholinergic neurons; and (4) other 
widespread-projecting neurons in the posterior hypothalamus also contribute to the tonic cortical activation 
during wakefidness and/or paradoxical sleep. © 2000 Harcourt Publishers Ltd 

Key words: wakefulness, cortical activation, posterior hypothalamus, histaminergic neurons, 
basal forebrain, thalamus, mesopontine tegmentum, cholinergic neurons, noradrenergic neurons, 
locus coeruleus. 



Introduction 

As a result of classical investigations using brain transection, lesioning, or electric 
stimulation, it is generally believed that the cerebral cortex does not possess an intrinsic 
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[3-6, 9, 10]. Although the reticulothalamocortical pathway is still regarded as one 
of the most important substrates for ascending cortical activation, it cannot be 
considered as the only system involved, as cortical EEG desynchronization can 
reappear following extensive cellular destruction of the mesencephalic reticular 
formation [11] or its thalamic relay [12-15]. It is therefore reasonable to imagine the 
existence of one, or several, extrathalamic systems, capable of activating the cortex, 
especially in the case of a deficit of the reticulothalamocortical system. Among such 
systems, the magnocellular substantia innominata and adjacent basal forebrain and, 
in particular, the cholinergic and gabaergic corticopetal neurons have received 
special attention (see Refs 5-7 for reviews). 

The basal forebrain in cortical activation 

As a result of their studies using acetylcholinesterase as a marker, Shute and Lewis 
proposed, as early as the 1960s [16], that the dense acetylcholinesterase-stained 
pathways from the brainstem to the subcortical regions and those from the basal 
forebrain to the cortex might serve as a neuronal substratum for the concept of 
an ascending reticular activating system. Nowadays, we know that this system 
corresponds roughly to the ascending cholinergic diencephalic projections from the 
mesopontine tegmentum, as well as those from the basal forebrain to the neocortex 
[17]. Basal forebrain presumed cholinergic neurons discharge tonically during both 
wakefulness and PS and have been suggested [5, 15] to play an important role, 
either directly (by post-synaptic excitation) in activating cortical cells or indirectly 
in suppressing the neuronal rhythmic oscillation of the thalamic reticular nucleus, 
responsible for the generation of cortical spindles, indicative of drowsiness or light 
SWS [4]. In support of this, electrical stimulation of certain basal forebrain sites 
elicits cortical acetylcholine release accompanied by cortical desynchronization, 
while chemical inactivation or unilateral lesion in the basal forebrain cholinergic 
zone can decrease cortical fast rhythms and increase slow activity [15, 18, 19]. More 
recent in vivo and in vitro studies have suggested that, like thalamocortical neurons, 
basal forebrain cholinergic neurons are able to relay excitatory influxes (such as 
those from glutamatergic, noradrenergic and histaminergic neurons) from the lower 
brain reticular structures to the cortex [7, 20]. The gabaergic ascending neurons that 
are codistributed with cholinergic neurons in the basal forebrain also project to the 
cortex [7] and might act in synergy with the cholinergic neurons in cortical activation, 
probably by ascending disinhibitory mechanisms, because they principally innervate 
cortical inhibiting neuronal elements [21]. Thus, there is little doubt that the substantia 
innominata and the adjacent basal forebrain as a whole, including cholinergic, 
gabaergic, and perhaps non-identified neurons, play an important role in cortical 
activation both during waking and PS and in the modulation of different cortical 
rhythmic activities. However, it seems unlikely that this role is exclusive and that 
the basal forebrain is indispensable for the long-term maintenance of cortical low 
voltage and fast activity, since, in the cat, extensive destruction of the basal forebrain, 
including the adjacent lateral pre-optic areas, does not abolish cortical activation 
[22], while ibotenic acid lesioning, aimed at destroying the cholinergic zone within 
the basal forebrain, elicits a transitory reduction in waking lasting 1-2 days, after 
which the sleep-wake cycle returns to the pre-lesioning level ([23] and our un- 
published data). 
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lateral limit is the pes pedunculi and subthalamic nucleus. Caudally, the posterior 
hypothalamus is in continuity with the ventral tegmental area of Tsai and, rostrally, 
the ventromedial hypothalamic nucleus roughly separates it from the pre-optic/ 
anterior hypothalamus, a brain region known for its importance in sleep generation. 
The posterior hypothalamus consists of a large reticular zone containing neurons of 
small to middle size (with the exception of the peri-, supra- and tubero-mammillary 
regions in which distinct nuclei made up of relative large cells are present) and 
ascending and descending fibers of passage. The heterogeneity of this region is also 
reflected by the presence of many neurotransmitters or neuroactive substances, for 
example: 

(1) gabaergic and most probably glutamatergic neurons [36], and neurons containing 
peptides (such as enkephalin, substance P, galanine, or thyrotropin-releasing hor- 
mone), all these neurons being distributed in a quite diffuse manner; 

(2) the dopaminergic All group, mainly situated in the lateral and dorsal areas and 
periventricular substance gray, and projecting to the large hypothalamic areas and 
the mesoponrine tegmentum, including the locus coeruleus [37]; 

(3) in the dorsolateral area, neurons containing melanin-concentrating hormone (MCH) 
[38, 39], or the neuropeptide, hypocretin/orexin, situated mainly in the perifornical 
region and adjacent zone in rats [40, 41]; it seems likely that pro lac tin-like substance 
is also present in neurons containing orexin [42]. All these neurons have widespread 
projections in the brain; 

(4) in the ventrolateral region, histaminergic cell bodies in the tuberomammillary (TM) 
nucleus and adjacent areas ([43-47], see later section). In the rodent, various 
percentages of these neurons are reported to contain GABA, adenosine de- 
aminase, or, after colchicine treatment, certain peptides, such as galanine or 
substance 1 J [48, 49]. These coexisting substances are also present elsewhere in the 
brain, with only the presence of histamine being anatomically exclusive to these 
TM neurons. 

The posterior hypothalamus receives both large descending inputs from the pre- 
optic /anterior hypothalamus and other forebrain structures (such as gabaergic and 
peptidergic afferents) and ascending inputs arising from the brainstem (such as 
cholinergic and gabaergic afferents from the mesopontine tegmentum and mono- 
aminergic afferents from the brainstem [see details in [50-54]). 

A region classically referred as a "waking center" 

Unlike other brain structures involved in the control of cortical activation and waking, 
which have been intensively studied during the last decades [4-7, 27], the posterior 
hypothalamus has not received much attention. However, the history of its functional 
importance in waking can be traced back as far as 1926 when von Economo initially 
observed hypersomnia in patients suffering from inflammatory lesions within this 
region [55]. Subsequently, many studies conducted in experimental animals (cats, 
monkeys and rats) have confirmed this observation by demonstrating that somnolence 
and hypersomnia can be caused by electrolytic lesioning of the posterior hypothalamus 
(see Ref. 3 for review). Thus, as early as 1946, Nauta, on the basis of lesion studies in 
the rat hypothalamus, defined a waking center located in the posterior hypothalamus 
and a sleep center located in the pre-optic /anterior hypothalamus. He further suggested 
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Figure 1 Insomnia in the cat induced by oral application of amphetamine and its 
reversibility by subsequent micro-injection of muscimol into the tuberomammillary 
area. Representative 6-h hypnograms and cortical power spectra at 0.8-2.5, 8-15 and 
25^5 Hz are shown. Note that amphetamine (0.5 mg/kg) causes a long-lasting waking 
state accompanied by suppression of cortical spindles (8-15 Hz) and slow activity 
(0.8-2.5 Hz) (upper panels) and that muscimol (1 Hg/0.5 H*) induces reappearance of 
slow wave sleep with both cortical slow activity and spindles with short latency (lower 
panels). X-axis: time in hours; Y-axis: sleep-wake stages (PS, paradoxical sleep; S2, 
deep slow wave sleep; SI, light slow wave sleep; W, wakefulness) (h = 3, from author's 
unpublished data). 

posterior hypothalamus induces pronounced and long-lasting increase in deep 
SWS, accompanied by a reduction in, or suppression of, PS. 

(3) When the injection is performed in the caudal part, the increase in deep SWS is 
followed by an increase either in waking or PS, depending upon the exact injection 
site. In the latter case, PS can even directly follow waking. 

(4) In both the rostral and caudal parts, induction of deep SWS is seen with a shorter 
latency when injection is made ventrally, rather than dorsally [64]. 

We have, therefore, defined the rostral and middle parts of the posterior hypo- 
thalamus as the main hypothalamic waking territory (see Fig. 9B), which is, up to 
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Cortical EEG 25-45 Hz 

Power 




Modafinil 5 mg/kg, p.o. 



Cortical EEG 25-45 Hz 




Modafinil 5 mg/kg, p.o. Muscimol 1 ug/0.5 ul in situ 



Figure 2 Long-lasting wakefulness in the cat induced by oral application of modafinil 
and its reversibility by subsequent micro-injection of muscimol into the tubero- 
mammillary area. Representative 6-h hypnograms and cortical power spectra at 0.8-2.5, 
8-15 and 25-45 Hz are shown. Note that modafinil (5 mg/kg) causes a waking state 
with a latency of about 1 h (top panels) and that muscimol (1 ug/0.5 induces 
reappearance of slow wave sleep with both cortical slow activity and spindles with 
short latency (bottom panels). For abbreviations, see legend to Fig. 1 {n = 3, from 
author's unpublished data). 

blocked by muscimol micro-injection into the TM area, inducing the reappearance of 
SWS with short latency, accompanied by both cortical slow activity and spindles 
(Fig. 2, lower panels). 
From these results, it therefore seems clear that inactivation of the posterior hypo- 
thalamus induces hypersomnia in normal cats and restores sleep in various models 
of insomnia provoked by different experimental means, suggesting the key role of this 
region in the mechanisms and maintenance of cortical activation and waking state. 
The data also suggest that the posterior hypothalamus should also be crucially involved 
in mechanisms of insomnia and its neuronal populations should be in a state of 
hyperactivation in the different models of insomnia, such that neuronal inactivation 
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Consistent with the high discharge rate of presumed histaminergic neurons during 
waking, it has been demonstrated in rodents that the release and turnover of histamine 
is high during darkness, the period in which the animals are active and spend a large 
part of their time in waking [86, 87]. In monkeys, increased histamine release in the 
posterior hypothalamus occurs on awakening and is maintained during each wake 
episode [88]. 

At the post-synaptic level, recent in vitro intracellular recording studies have revealed 
that activation of Hl-receptors on thalamic relay neurons results in slow depolarization 
by suppression of leakage potassium current. Activation of H2-receptors, on the other 
hand, induces a small depolarization, associated with an increase in hyperpolarization 
current. As a result, this combined action of histamine can cause a switch of neuronal 
discharge from rhythmic bursts to tonic activity, and therefore might promote the 
switch from SWS to waking [10]. Similar results have been obtained in human cortical 
neurons [89] and guinea-pig mesopontine and basal forebrain cholinergic neurons [20, 
90]. Activation of H2-receptors also causes shortening of afterhyperpolarization and 
may facilitate cortical and hippocampal activity [84, 85]. Moreover, in rat cortical or 
hippocampal cultures or isolated neurons, histamine has been shown to enhance 
NMDA receptor-mediated synaptic transmission by as yet undefined receptors and 

mechanisms [91, 92]. 

These electrophysiological data suggest that histaminergic cells increase their activity 
during wake state and activate or facilitate the neuronal activity of large brain areas, 
such as the cortex, thalamus, and basal forebrain, thus contributing to generalized 
cortical activation. In order to evaluate this assumption, we have carried out a series 
of systemic and in situ pharmacological studies in the cat; these data are summarized 
below. 



Histaminergic transmission and the sleep-wake cycle 

Firstly, in cats [93] as in rats [94, 95], intraperitoneal injection of a-fluoromethylhistidine, 
a specific inhibitor of the histamine-synthesis enzyme, induces a slowly-developed 
and significant decrease in waking and an increase in SWS without modifying PS, the 
rime course of the effects paralleling the reduction in brain histamine content. Similarly, 
intraperitoneal injection of mepyramine, a Hl-receptor antagonist, causes an increase 
in cortical slow waves, as revealed by power spectral analysis, this slow activity being 
indistinguishable from that seen during SWS in the control recording (Fig. 4, upper 
part). This effect is seen on EEG scoring.as a decrease in latency to SWS and an 
increase in the time spent in SWS, at the expense of a decrease in both waking and 
PS (see Fig. 4, lower part and Refs 23, 92). In man, Hl-receptor antagonists have been 
shown to impair vigilance during waking and to reduce performance [96]. These data 
obtained using Hl-receptor antagonists, are consistent with the sedation and drowsiness 
caused in man by classical antihistaminics [74], now designated as Hl-receptor ant- 
agonists [77] and provide experimental confirmation to this well-known clinical ob- 
servation. 

Secondly, intraventricular injection of ranitidine, a H2-receptor antagonist, also 
increases SWS [23] in the cat, the effect being slow and progressive as shown in Figure 
5. Whereas the exact role of H2-receptors on sleep-wake cycle remains to be established 
by using potent and specific brain-penetrating agonists and antagonists, the effect seen 
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Figure 5 Effects of ranitidine (a H2-receptor antagonist) on the sleep-wake cycle in the 
cat. The curves show the mean 2-h cumulative values ±SEM (vertical bars) for wake- 
fulness (W), light slow wave sleep (SI), deep slow wave sleep (S2), and paradoxical 
sleep (PS) during the 22 h (11.00-09.00 hours next day) following intraventricular 
injection of Ringer's solution (50 or ranitidine (200 ug/50 ul) at 11.00 hours. See text 
for other comments. X-axis: amount of sleep-wake states in min. Y-axis: local time at 
2-h period (* P<0.01; ** P<0.02; Student's f-test) (based on the author's work in Ref. 23). 
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Frequency (Hz) 

Figure 6 A representative example of the effect of BP2-94 (a H3-receptor agonist) on 
the neocortical EEG power spectral density in the cat. The EEG spectra (up to 15 Hz) 
were obtained by fast Fourier transformation within 3h of oral administration or 
placebo or BP2-94 (10 mg/kg). Note the increase in power spectral density of slow 
activity (up to 5 Hz range). 0 corresponds to the time of administration. X-axis, bby 
frequency in Hz; Y-axis, EEG power; Z-axis, time in min (n =5; based on the author s 
work in Ref. 23). 
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Figure 8 Schematic circuitry summarizing brain histaminergic transmission and current 
hypothesis concerning cellular mechanisms involved in histaminergic arousal (modified 
from Ref. 23). See text for comments. 



transmission, e.g. by blocking its autoinhibition, promotes waking. These results, taken 
together with the recent in vrttc electrophysiological data mentioned earlier, have led 
to a general hypothesis concerning cellular mechanisms involved in histaminergic 
arousal [23]. As schematically illustrated in Figure 8, this hypothesis can be summarized 
as follows. Activation of Hl-receptors, by suppressing the leakage potassium current 
and by slow depolarization, would trigger the tonic neuronal discharge of large brain 
target cells and other physiological responses, such as glycogenolysis, required for 
high energy output, leading consequently to general brain arousal and increased 
vigilance. Activation of H2-receptors, on the other hand, by increasing neuronal 
excitability and discharge rate via hyperpolarization and afterhyperpolarization cur- 
rents might facilitate cortical activation and waking. HI- and H2-receptors might 
therefore act in a synergic manner, through, respectively, direct neuronal depolarization 
or facilitation. Finally, H3-receptors are involved in the sleep-wake cycle by a negative 
control over histamine release and synthesis. The significance of the histamine-mediated 
enhancement of NMDA transmission [91, 92] in sleep-wake regulation remains to be 
investigated (Fig. 8). 
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Figure 10 Photomicrographs of sagittal sections through the mesencephalon (left side) 
and hypothalamus (right side) showing the location of brain transection in the cat. At 
approximate the L 2.3 level, the transection (indicated by three arrows) is situated at 
the junction between the mesencephalon and hypothalamus, just rostral to the red 
nucleus (R) and the root of the third nerve (3 N). At a more lateral level (approximate 
L 2.5), the transection (indicated by two arrows) is just caudal to the histaminergic 
tuberomammillary (TM) nucleus, which remains intact. See comments in text. Other 
abbreviations: HLA, lateral hypothalamic area; FF, nucleus of the fields of Forel; FTC, 
central tegmental field; OT, optic tract; SNR, substantia nigra, reticular division; VTA, 
ventral tegmental area of Tsai (based upon work published by Lin et al. m Ref. 100 
and author's unpublished data). 

Hypothalamic "waking territory" and distribution of histaminergic cell bodies 

As indicated above, inactivation of the posterior hypothalamus by muscimol induces 
hypersomnia in normal cats and restores sleep when animals are rendered insomniac. 
One question that could be raised is whether our muscimol injections have inactivated 
histaminergic neurons, thus causing an increase in SWS. 

In the rat, the perikarya and dendrites of TM neurons are contacted synaptically by 
GABA terminals [48], and gabaergic afferents to histaminergic neurons have also been 
identified [54]. In vitro electrophysiological data also indicate tht histaminergic neurons 
possess gabaergic inputs and functional GABA A -receptors [84]. Thus, application of 
GABA causes hyperpolarization of histaminergic neurons in a dose-dependent manner, 
the effect being prevented by bicuculline, an antagonist of GABA A -receptors [84]. We 
have shown in the cat [64], that the hypothalamic "waking territory" (Fig. 9B), defined 
using muscimol (a potent GABA A -receptor agonist), covers the middle and rostral 
parts of the posterior hypothalamus, including the TM nucleus and adjacent ven- 
trolateral areas (Fig. 9A). Thus, it seems likely that the observed increase in SWS might 
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Figure 12 Effects of ciproxifan on the cortical EEG and "sleep-wake cycle" in the rostral 
mesencephalic transectioned cat and their reversibility by mepyramine. Representative 
examples of 6-h hypnograms and neocortical power spectra at 0.8-2.5 and 8-15 Hz 
showing the "sleep-wake cycle" and cortical activity (from top to bottom) on days 6 
(upper panels, saline injection), 5 (middle panels, ciproxifan injection, 1 mg/kg), and 
7 [lower panels, ciproxifan and mepyramine (0.5 mg/kg) injection] post-transection. 
See text for comments and Fig. 11 for abbreviations. X-axis: time in hours (based on 
work published by Lin et al. in Ref. 100 and author's unpublished data). 



intact, while their descending axons and ascending projections from the brainstem are 
cut; Fig. 10), and examined the effects of ciproxifan on cortical EEG and expression of 
the immediate early gene, c-fos, an indicator of cellular activation. As mentioned above, 
ciproxifan is a new and potent H3-receptor antagonist that enhances the release 
and turnover of histaminergic neurons by a specific antagonism via autoinhibitory 
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Figure 14 Photomicrographs of sagittal sections through the tuberomammillary nucleus 
(TM) showing c-fos and histamine (HA) immunoreactivity in the mesencephalic trans- 
ectioned cat killed 1 h after intramuscular injection of saline or ciproxifan (1 mg/kg). 
Note that, after saline injection (upper section), only a few c-fos labelled cells (nuclear 
labelling in black) are seen in the HA-immunoreactive TM nucleus and adjacent region, 
while, after ciproxifan injection (lower section focussed on the rostral part of the TM), 
the great majority of HA-immunoreactive neurons (brown staining) also shows c-fos 
labelling. See details in text (bars -50 ul, based on work published by Lin et al in Ret. 
100 and author's unpublished data). 
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antagonists) is able to enhance the release and turnover of histaminergic neurons via 
autoinhibitory mechanisms [99] and to cause their activation seen in the present study 
using c-fos might constitute a helpful experimental mean for their pharmacological 
identification when their unitary activity is recorded in vivo, a method that is lacking 
at present. 



Hypothalamo-pre-optic histaminergic projections and their interaction with 
neurons in the pre-optic area 

Among the different ascending pathways of histaminergic neurons involved in arousal, 
mention should be made of those projecting to the pre-optic/anterior hypothalamus. 
This region is considered to play an important role in sleep generation, mainly because 
its lesion, probably bv destruction of neurons discharging in high rate during SWS, 
causes insomnia [22, 66]. The pre-optic area is probably the brain structure with the 
greatest density of histaminergic fibers, terminals and receptors. We have previously 
shown that the action of histamine in this region is to enhance wakefulness, probably 
by H2-receptors, and suggested that histamine cells can exert control over the pre- 
optic sleep-generating mechanisms via their projections to this structure [101]. Taken 
together with the fact that the insomnia induced by pre-optic lesion is reversed by 
inactivation of the ventrolateral posterior hypothalamus [66], these data indicate the 
importance of an intrahypothalamic interaction in the alternation of the sleep-wake 
cycle, an idea that is consistent with the long-standing hypothesis of Nauta [56], and 
suggest that this interaction in the caudo-rostral sense might be, at least in part, 
histaminergic. As regards interaction in the rostro-caudal sense, recent studies have 
indicated that GABA neurons in the pre-optic area send heavy projections to the 
posterior hypothalamus and TM histaminergic neurons (e.g. Ref. 54), and functional 
GABA innervation of histaminergic cells has been demonstrated [84]. Furthermore, 
electrical stimulation of the ventrolateral pre-optic area, in which neurons exhibit 
increased discharge during SWS and PS [102], induces hyperpolarization of TM neurons 
in vitro in brain slices [103]. Finally, as indicated in the above section, muscimol 
microinjection into the posterior hypothalamus, containing histamine cells, induces 
hypersomnia [64]. Taken together, all these results tend to suggest that the interactions 
between histamine and GABA neurons might constitute one of the important hypo- 
thalamic mechanisms underlying the alternation of sleep and wakefulness. Other 
sources of GABA in the posterior hypothalamus, such as GABA in the afferents 
from the mesopontine tegmentum and adjacent regions [53] and GABA from local 
interneurons, are also present, but their role in the inactivation of histamine cells 
during sleep and in sleep induction remains to be determined. Furthermore, the 
determination of the functional significance of the presence of GABA within hist- 
aminergic neurons, currently reported only in the rodent [48, 49], constitutes a challenge 
for our understanding of histaminergic transmission and neuronal functions. 



Histaminergic ascending and descending projections and their interaction with 
cholinergic neurons 

Among the histaminergic ascending pathways, those projecting to the basal forebrain 
and to the cholinergic neurons present in this region should also be noted. Our double 
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Figure 15 Schematic circuitry representing our hypothesis about the mulHpleinto- 
acHons between histaminergic and chol nergic neurons involved m the neoco ca 
activation of wakefulness. This hypothesis can be summarized as follows neocor heal 
act vation during wakefulness is ensured by the excitatory corhcopetal projections 
(arrows) arising mainly from three subcortical structures, the thalamus, posterior 
hypoSamus, and basal forebrain, and from brainstem aminergic neurons (not 
Kn) These three subcortical systems are respectively represented ^P«™J 
glutamatergic (Glu) intralaminar nuclei (IL), the histaminergic (HA) I fcberomammillary 
nucleus (TM), and the cholinergic (Ach) substantia innominata (SI). The thalamic IL and 
twXfenk TM nuclei receive ascending excitatory afferents from the mes^cmtine 
tegmentum (MPT) cholinergic neurons (Ach). Histaminergic neurons can activate the 
corEx eUher directly by their widespread hypothalamocortical projection, or indirectly 
v£ the ^thalamocortical system. In addition, they could promote corhcal achvation via 
the cholinergic system by a dual activation of the corticopetal system, ongmating from 
the SI, and If the pontothalamic or pontohypothalamic systems, arising from the MPT 
Soup The excitatory interactions between histaminergic and cholinergic neurons n 
the MPT, posterior hypothalamus, and basal forebrain constitute a crucial arc ui t w thin 
the whole ascending network responsible for the maintenance of cortical activation 
and wakefulness [from Lin et al. (1996) with permission]. 
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CHAPTER 35 



Histamine 



Jean-Charles Schwartz, Jean-Michel Arrang, Monique Garbarg, 
and Elisabeth Traiffort 



In a certain way, histaminergic systems have had a great, 
although indirect, historical importance in the develop- 
ment of neuropsychopharmacology. Indeed the discovery 
of both the neuroleptic and tricyclic antidepressant drugs 
in the 1950s was derived from the clinical study of behav- 
ioral actions of ^antihistamines," a class of antiallergic 
drugs now designated H| -receptor antagonists. 

Nevertheless, the histaminergic neuronal system in 
brain, although already unraveled by the mid-1970s, has 
remained largely unexploited in drug design. Thus, only 
the traditional brain-penetrating Hj -receptor antagonists, 
used as over-the-counter sleeping pills, are known to in- 
terfere with histaminergic transmissions in the central ner- 
vous system (CNS). This contrasts with emergence, dur- 
ing the last decade, of a detailed knowledge of the system 
revealing that it shares many biological and functional 
properties with other aminergic systems overexploited in 
CNS drug design. 

Histamine and its receptors in the brain have recently 
been the subject of two comprehensive reviews (22,62). 
Therefore, in order to limit the length of the present chap- 
ter we have deliberately selected to summarize the 
detailed information that can be found in these re- 
views, adding only more recent information and major 
references. 

ORGANIZATION OF THE HISTAMINERGIC 
NEURONAL SYSTEM 

One decade after the first evidence by Garbarg et al. 
of an ascending histaminergic pathway obtained by le- 
sions of the medial forebrain bundle, the exact localiza- 
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tion of corresponding perikarya in the posterior hypothal- 
amus was revealed immunohistochemically. Since then, 
the distribution, morphology, and connections of hista- 
minergic neurons have been determined. Data were re- 
cently reviewed (49,66,68,73) and will only be summa- 
rized briefly here. 

All known histaminergic perikarya constitute a continu- 
ous group of mainly magnocellular neurons (about 2000 
in the rat), located in the posterior hypothalamus and 
collectively named the tuberomammillary nucleus. It can 
be subdivided into medial, ventral, and diffuse subgroups 
extending longitudinally from the caudal end of the hypo- 
thalamus to the midportion of the third ventricle. A similar 
organization was described in humans, except that hista- 
minergic neurons are more numerous (~~64,000) and oc- 
cupy a larger proportion of the hypothalamus (2). Besides 
their large size (25-35 ^m), tuberomammillary neurons 
are characterized by few thick primary dendrites, with 
overlapping trees, displaying few axodendritic synaptic 
contacts. Another characteristic feature is the close con- 
tact of dendrites with glial elements in a way suggesting 
that they penetrate into the ependyma and come in close 
contact with the cerebrospinal fluid, perhaps to secrete or 
receive still unidentified messengers. 

The histaminergic neurons are characterized by the 
presence of an unusually large variety of markers for 
other neurotransmitter systems: glutamic acid decarboxyl- 
ase, the gamma-ami nobutyric acid (GABA)-synthesizing 
enzyme; adenosine deaminase, a cytoplasmic enzyme 
possibly involved in adenosine inactivation; galanin, a 
peptide colocalized with all other monoamines; (Met 5 ) 
enkephalyl-Arg 6 Phe 7 , a product of the proenkephalin A 
gene; and other neuropeptides, such as substance P, thyro- 
liberin, or brain natriuretic peptide. Tuberomammillary 
neurons also contain monoamine oxidase B, an enzyme 
responsible for deamination of tele-methylhistamine, a 
major histamine metabolite in brain. Finally, a subpopula- 
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tion of histaminergic neurons is able to uptake and decar- 
boxylate exogenous 5-hydroxytryptophan, a compound 
that they do not synthesize, however (66). Unraveling the 
functions of such a high number of putative co-transmit- 
ters in the same neurons remains an exciting challenge. 

In analogy with other rnonoaminergic neurons, hista- 
minergic neurons constitute long and highly divergent 
systems projecting in a diffuse manner to many cerebral 
areas. Immunorcactive, mostly unmyelinated, varicose or 
nonvaricose fibers are detected in almost all cerebral re- 
gions, particularly limbic structures. It was confirmed that 
individual neurons project to widely divergent areas (36). 
Ultrastructural studies suggest that these fibers make few 
typical synaptic contacts. 

Fibers arising from the tuberomammillary nucleus con- 
stitute two ascending pathways: one laterally, via the me- 
dial forebrain bundle, and the other periventricularly. 
These two pathways combine in the diagonal band of 
Broca to project, mainly in an ipsilateral fashion, to many 
telencephalic areas — for example, in all areas and layers 
of the cerebral cortex, the most abundant projections be- 
ing to the external layers. Other major areas of termination 
of these long ascending connections are the olfactory 
bulb, the hippocampus, the caudate putamen, the nucleus 
accumbens, the globus pallidus, and the amygdaloid com- 
plex. Many hypothalamic nuclei exhibit a very dense in- 
nervation — for example, the suprachiasmatic, supraoptic, 
arcuate, or ventromedial nuclei. 

Finally, a long descending histaminergic subsystem 
arises also from the tuberomammillary nucleus to project 
to a variety of mesencephalic and brainstem structures 
such as the cranial nerve nuclei (e.g., the trigeminal nerve 
nucleus), the central gray, the colliculi, the substantia 
nigra, the locus coeruleus, the dorsal raphe nucleus, the 
cerebellum (sparse innervation), and the spinal cord. 

Several anterograde tracing studies by Wouterloud and 
colleagues (73) established the existence of afferent con- 



nections to the histaminergic perikarya — namely, from 
the infralimbic division of the prefrontal cortex, the sep- 
tum-diagonal band complex, the medial preoptic area, 
and the hippocampai area (subiculum). 

MOLECULAR PHARMACOLOGY AND 
LOCALIZATION OF HISTAMINE 
RECEPTOR SUBTYPES 

Three histamine receptor subtypes (H,. H 2 , and H 3 ) 
have been defined by means of functional assays and. 
subsequently, design of selective agonists and antagonists 
(22,63). All three seem to belong to the superfamily of 
receptors with seven transmembrane domains and cou- 
pled to guanylnucleotide-sensilive G proteins (Table \ ) 
(see also Chapter 27 ? this volume). 

The Histamine Hj Receptor 

The H, receptor was initially defined in functional 
assays (e.g., smooth muscle contraction) and the design ol 
potent antagonists, the so-called ' 'antihistamines' ' (e.g. 
mepyramine), most of which display prominent sedative 
properties. 

Biochemical and localization studies of the Hi recepto: 
were made feasible with the design of reversible and irre 
versible radiolabeled probes such as [ 3 H]mepyramine i 
[ ,25 I]iodobolpyrarnine, and [ 125 I]iodoazidophenpyramin< 
(20,50,56). 

Initial biochemical studies indicated that the cerebra 
guinea-pig H, receptor was a glycoprotein of apparen 
molecular size of 56 kD with critical disulfide bonds anc 
that agonist binding was regulated by guanyl nucleotide* 
implying that the receptor belongs to the superfamily c 
receptors coupled to G proteins. In addition, various intr^ 
cellular responses were found to be associated with H 



TABLE 1. Properties of three histamine receptor subtypes 



Property 



Hi 



H 3 



Coding sequence 

Chromosome localization 
Highest brain densities 



Autoreceptor 
Affinity for histamine 
Characteristic agonists 

Characteristic antagonists 
Radioligands 

Second messengers 



491 a.a. (bovine) 
488 a.a. (guinea pig) 
486 a.a. (rat) 
Chromosome 3 
Thalamus 
Cerebellum 
Hippocampus 
No 

Micromolar 

2(m-chlorophenyl)histamine 

Mepyramine (pyrilamine) 
[ 3 H]Mepyramine 
[ 125 l]lodobolpyramine 
Inositol phosphates (+) 
Arachidonic acid (+) 
cAMP (potentiation) 



H 3 



358 a.a. (rat) 

359 a.a. (dog, human) 



Striatum 
Cerebral cortex 
Amydgala 
No 

Micromotar 

Impromidine 

Sopromidine 

Cimetidine 

[ 3 H]Tiotidine 

[ 125 l]lodoaminopotentidine 
cAMP (+) 

Arachidonic acid (-) 
Ca 2+ (+) 



Striatum 
Frontal cortex 
Substantia nigra 
Yes 

Nanomolar 
(R)a-methylhistamine 

Imetit 

Thioperamide 
[ 3 H](R)a-methylhistami! 
[ 125 l]lodophenpropit 
Inositol phosphates (- 



receptor stimulation: inositol phosphate release, increase 
in Ca 2t " fluxes, cyclic AMP or cyclic GMP accumulation 
in whole cells, and arachidonic acid release (22). It was 
not known, however, whether such a variety of responses 
corresponds to a single receptor or to distinct isoreceptors. 
Indeed, several photoaffinity-labeled proteins of slightly 
different sizes, but similar H, pharmacology, were de- 
tected in some tissues (56). 

In spite of preliminary attempts using affinity columns 
with a mepyramine derivative, the H, receptor was never 
purified to homogeneity. Nevertheless, the deduced amino 
acid sequence of a bovine H, receptor was recently dis- 
closed after expression cloning of a corresponding cDNA. 
The latter was based upon the detection of a Ca 2 *-depen- 
dent CI" influx into microinjected Xenopus oocytes. Fol- 
lowing the transient expression of the cloned cDNA into 
COS-7 cells, the identity of the protein as an H, receptor 
was confirmed by binding studies (75). 

Starting from the bovine sequence, the H,-receptor 
DNA was also cloned in the guinea pig (23,69), a species 
in which the pharmacology of the receptor is better estab- 
lished. Although marked species differences in H, -recep- 
tor pharmacology had been reported (62), the sequence 
homology between the putative transmembrane domains 
(TMs) of the two proteins is rather high (90%). 

In both species, characteristic amino acid residues 
thought to bind the histamine molecule at the level of the 
ammonium and imidazole groups are found: an aspartate 
(Asp 116 in the guinea pig) inTM3, and a threonine (Thr 203 ) 
and an aspargine (Asn 207 ) in TM5, respectively. Also the 
"anatomy" of the H! receptor, with a long i 3 (third intra- 
cellular domain) and a short C-terminal tail, is similar to 
that of other receptors positively coupled to phospholip- 
ases A 2 and C. Amino acid sequence homology between 
the TMs of the H, and of the muscarinic receptors 
(—45%) is higher than between those of H! and H 2 recep- 
tors (—40%). H, -receptor antagonists often display sig- 
nificant antimuscarinic activity but only limited H 2 -recep- 
tor antagonist properties. 

A single intronless gene seems to encode the guinea- 
pig H, receptor, and mRNAs of similar size were detected 
in brain areas and peripheral tissues (69). Thus the two 
pharmacologically indiscernible isoforms of the H, recep- 
tor of 56 and 68 kD, detected after photolabeling and 
sodium dodecyl sulfate -polyacrylamide gel electrophore- 
sis (SDS-PAGE) in some tissues (56), may correspond 
either to the same protein with different degrees of glyco- 
sylation or to the product of another similar gene revealed 
by Southern blot analysis (23). 

When stably expressed in transfected fibroblasts, the 
guinea-pig Hi receptor was found to trigger a large variety 
of intracellular signals involving or not coupling to pertus- 
sis-toxin-sensitive G proteins (Gi or Go) — namely, Ca 2+ 
transients, inositol phosphates, or arachidonate release 
(33). H t -receptor stimulation potentiates cAMP accumu- 
lation induced by forskolin in the same transfected fibro- 



blasts, a response which resembles the H[ potentiation of 
histamine H 2 - or adenosine A 2 -receptor-induced accumu- 
lation of cAMP in brain slices. All these responses medi- 
ated by a single H t receptor were known to occur in 
distinct cell lines or brain slices but could have been due 
to stimulation of isoreceptors. 

The H, receptor mediates various excitatory responses 
in brain (21). In addition, in lateral geniculate relay neu- 
rons, it was recently shown to be responsible for a slow 
depolarization due to decrease in a K + current (39). 

H,-receptor distribution in the guinea-pig brain was 
established autoradiographically using [ 3 H]mepyramine 
or the more sensitive probe [ i25 I]iodoboIpyramine (50) 
and the information complemented by in situ hybridiza- 
tion of the mRNA (23.69). For instance, the high density 
of H, receptors in the molecular layers of cerebellum and 
hippocampus seems to correspond to dendrites of Purkinje 
and pyramidal cells, respectively, in which 'the mRNA 
is highly expressed. H, receptors are also abundant in 
guinea-pig thalamus, hypothalamic nuclei (e.g., ventro- 
medial nuclei), nucleus accumbens, amygdaloid nuclei, 
and frontal cortex but not in neostriatum (50), whereas 
they are more abundant in the human neostriatum (37). 

The H, receptor was visualized in the primate and hu- 
man brain by positron emission tomography using [ n C]- 
mepyramine (76). 

The widespread distribution of the H! receptor in cere- 
bral areas involved in wakefulness and cognition presum- 
ably accounts for the sedative properties of "antihista- 
mines" of the first generation. 

The Histamine H 2 Receptor 

Molecular properties of the H 2 receptor have remained 
largely unknown for a long time. For instance, reversi- 
ble labeling of the H 2 receptor was achieved only re- 
cently using [ 3 H]tiotidine or, more reliably, [ 125 I]- 
iodoaminopotentidine (62). Irreversible labeling, using a 
photoaffinity probe, followed by SDS-PAGE led to the 
identification of H 2 -receptor peptides from the guinea 
pig (56). 

By screening cDNA or genomic libraries with homolo- 
gous probes, the gene encoding the H 2 receptor was first 
identified in dogs (18) and, subsequently, in rats (55) 
and humans (17). The H 2 receptor is organized like other 
receptors positively coupled to adenylyl cyclase; that is, 
it displays a short third intracellular loop and a long C- 
terminal cytoplasmic tail. 

Initially, binding of the histamine molecule in the H 2 
receptor seemed to involve (a) the carboxylate of Asp 98 
in TM3 as a counterion for the ammonium and (b) Asp 186 
and Thr 190 for proton transfer and hydrogen bonding with 
the imidazole ring, but this idea found only partial support 
from site-directed mutagenesis (16). 

Using transfected cell lines, not only the well-estab- 
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lished positive linkage of the H 2 receptor with adenylyl 
cyclase (28) was confirmed, but also the unexpected inhi- 
bition of arachidonate release (71 ) and stimulation of Ca 2 " 
transients (13). Hence H 2 -receptor stimulation can trigger 
intracellular signals either opposite or similar to those 
evoked by H r receptor stimulation. Parallel observations 
were made for a variety of biological responses mediated 
by the two receptors in peripheral tissues. 

Helmut Haas and colleagues showed that, in hippocam- 
pal pyramidal neurons, H 2 -receptor stimulation potenti- 
ates excitatory signals by decreasing a Ca~ + -activated 
conductance, presumably via cAMP production (21). H 2 - 
receptor activation depolarizes thalamic relay neurons 
slightly, increasing markedly apparent membrane conduc- 
tance, a response due to enhancement of the hyperpolar- 
ization-activated cation current I k (39). 

The sole selective H 2 -receptor antagonist known to en- 
ter the brain is zolantidine, a compound used sometimes 
in animal behavioral studies but never introduced in 
therapeutics (15). However, a number of tricyclic 
antidepressants are known to block H 2 -receptor-Iinked 
adenylylcyclase quite potently and interact with [ ,25 I]- 
iodoaminopotentidine binding in a complex manner (72). 

Autoradiographic localization of H 2 receptors in guinea 
pig performed using [ l25 I]iodoaminopotentidine shows 
them distributed heterogeneously in a manner suggesting 
their major association with neurons (50). H 2 receptors 
are found in most areas of the cerebral cortex, with the 
highest density in the superficial layers, the piriform and 
occipital cortices, which contain low H, -receptor density. 
The caudate putamen, ventral striatal complex, and amyg- 
daloid nuclei (bed nucleus of the stria terminalis) are 
among the richest brain areas. In the hippocampal forma- 
tion, H 2 receptors display a laminated pattern with label- 
ing of lacunosum moleculare, radiatum, and oriens layers; 
the partial overlap with H, receptors may account for 
their synergistic interaction in cAMP accumulation. H 2 
receptors in human brain were characterized and localized 
using [ l25 I]iodoaminopotendine (70). 

The Histamine H 3 Receptor 

The H 3 receptor was initially detected as an autorecep- 
tor controlling histamine synthesis and release in brain. 
Thereafter it was shown to inhibit presynaptically the 
release of other monoamines in brain and peripheral tis- 
sues as well as of neuropeptides from unmyelinated C 
fibers (3). 

The molecular structure of the H 3 receptor remains to 
be established. Reversible labeling of this receptor was 
first achieved using the highly selective agonist [ 3 H](R)a- 
methylhistamine (62); then [ 3 H]Afo-methylhistamine, a 
less selective agonist, was also proposed (20) as well as, 
more recently, [ 125 I]iodophenpropit, an antagonist (27). 
The binding of [ 3 H](R)a-methylhistamine is regulated by 



guanyl nucleotides, strongly suggesting that the H 3 recep- 
tor, like the other histamine receptors, belongs to the su- 
perfamily of receptors coupled to G proteins (62). Consti- 
tutive H 3 receptors in a gastric cell line appear to be 
negatively coupled to phospholipase C via a mechanism 
sensitive to both pertussis and cholera toxins (6). In 
contrast, H 3 receptors in vascular smooth muscle me- 
diate voltage-dependent Ca 2 "-channel stimulation via a 
pertussis-insensitive G protein (44). 

Recently, two highly potent and selective H 3 -receptor 
agonists — (R)a,(S)^-dimethylhistamine (35) and imetit 
(19) — were designed. Like' (R)a-methylhistamine. they 
are able to decrease brain histamine synthesis and release 
after systemic administration in low dosage (3.19.62). 
Thioperamide, a systemically active H 3 antagonist, mark- 
edly increases histamine turnover in brain (3) and, be- 
cause no other class of drug is available for this purpose, 
is widely used in behavioral studies. 

Functional studies have evidenced inhibitory H 3 recep- 
tors on nerve terminals not only of histaminergic (3 r 62) 
but also noradrenergic (58), serotoninergic (14), dopamin- 
ergic (59), cholinergic (7), and peptidergic neurons (38). 

Autoradiography of H 3 receptors in rat (12,51) and 
monkey brain (37) shows them highly concentrated in 
neostriatum, nucleus accumbens, cingulate and infralim- 
bic cortices, bed nucleus of stria terminalis, and substantia 
nigra pars lateralis. In contrast, their density is relatively 
low in the hypothalamus (including the tuberomammil- 
lary nucleus), which contains the highest density of hista- 
minergic axons (and perikarya), indicating that the major- 
ity of H 3 receptors are not autoreceptors. In agreement, 
intrastriatal kainate strongly decreases H 3 binding sites in 
forebrain (as well as in substantia nigra, consistent with 
their presence in striatonigral neurons) (12,51). 

HISTAMINERGIC NEURON ACTIVITY AND 
THEIR CONTROL 

Electrophysiological Properties 

Cortically projecting histaminergic neurons share with 
other aminergic neurons a number of electrophysiological 
properties evidenced by extracellular recording. They fire 
spontaneously slowly and regularly, and their action po- 
tentials are of long duration (21). In addition, they exhibit 
inward rectification attributed to an l h current that may 
increase whole-cell conductance and decrease the efficacy 
of synaptic inputs during periods of prolonged hy- 
perpolarization (see Chapter 5, this volume) — that is, 
when histaminergic neurons fall silent (29). 

Modulation of Histamine Synthesis and Release In 
Vitro 

The autoreceptor-regulated modulation of histamine 
synthesis in, and release from, brain neurons is now well- 
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cumented {62). It was initially evidenced in brain slices 
synaptosomes after labeling the endogenous pool of 
itamine using the precursor. Exogenous histamine 
creases the release and formation of [ 3 H]histamine in- 
ced by depolarization, and analysis of these responses 
J to the pharmacological definition of H 3 receptors. The 
toregulation was found in various brain regions known 
contain histamine nerve endings, suggesting that all 
Tninals are endowed with H 3 autoreceptors. A regula- 
>n of histamine synthesis was also observed in the poste- 
>r hypothalamus, possibly indicating the existence of 
toreceptors at the level of histaminergic perikarya or 
ndrites (3). 

Galanin, a putative co-transmitter of a subpopulation 
histaminergic neurons, regulates histamine release only 
regions known to contain efferents of this subpopula- 
>n — that is, in hypothalamus and hippocampus but not 
cerebral cortex or striatum (4). In brain slices, galanin 
>o hyperpolarizes and decreases the firing rate of tubero- 
ammillary neurons (60). It is not known, however, 
nether these galanin "autoreceptors" modulate galanin 
lease from histaminergic nerve terminals. Other puta- 
'e co- transmitters of histaminergic neurons failed to 
feet [ 3 H]histamine release from slices of rat cerebral 
>rtex (61). 

[ 3 H]Histamine synthesis and release are inhibited in 
irious brain regions by stimulation of not only autore- 
;ptors but also oc 2 ~ adrenergic receptors, M, -muscarinic 
ceptors, and >c-opioid receptors (62). Muscarinic recep- 
rs also inhibit endogenous histamine release in hypo- 
alamus (48). Since these regulations are also observed 
ith synaptosomes (61), all these receptors presumably 
present true presynaptic heteroreceptors. In contrast, 
stamine release is enhanced by stimulation of nicotinic 
ceptors in rat hypothalamus (48) and by //-opioid recep- 
rs in mouse cerebral cortex (62). 

hanges in Histaminergic Neuron Activity In Vivo 

Both neurochemical and electrophysiological studies 
dicate that the activity of histaminergic neurons is high 
iring arousal. In rat hypothalamus, histamine levels are 
•w whereas synthesis is high during the dark period, 
iggesting that neuronal activity is enhanced during the 
:tive phase (62). Histamine release from the anterior 
/pothalamus of freely moving rats, evaluated by in vivo 
icrodialysis, gradually increases in the second half of 
e light period and is maintained at a maximal level 
iring the active phase (40). Such state-related changes 
e also found in single-unit extracellular recordings per- 
•rmed in the ventrolateral posterior hypothalamus of 
eely moving cats. Neurons with properties consistent 
ith those of histaminergic neurons exhibited a circadian 
ythm of their firing rate, falling silent during deep slow- 
ave or paradoxical sleep (62). 



A feeding-induced increase in the activity of histamin- 
ergic neurons has also been shown by microdialysis per- 
formed in the hypothalamus of conscious rats (26). 
Changes in the metabolism and release of histamine ob- 
served in vivo after occlusion of the middle cerebral artery 
in rats suggest that the histaminergic activity is also en- 
hanced by cerebral ischemia (1). 

Whereas H! and H 2 receptors are apparently not in- 
volved, inhibition mediated by H 3 autoreceptors consti- 
tutes a major regulatory mechanism for histaminergic 
neuron activity under physiological conditions. Adminis- 
tration of selective H 3 -receptor agonists reduces histamine 
turnover (62) and release, as shown by microdialysis (24). 
In contrast, H 3 -receptor antagonists enhance histamine 
turnover (62) and release in vivo (25,41), suggesting that 
autoreceptors are under tonic stimulation by endogenous 
histamine. 

Agents inhibiting histamine release in vitro via stimula- 
tion of presynaptic a 2 -adrenergic or muscarinic heterore- 
ceptors reduce histamine release and turnover in vivo, but 
systemic administration of antagonists of these receptors 
does not generally enhance histamine turnover, sug- 
gesting that heteroreceptors are not tonically activated 
under basal conditions (9,45,52,61). 

Activation of central nicotinic (45), 5-HT IA serotoner- 
gic (46), and dopaminergic receptors (53) inhibits hista- 
mine turnover, but the presynaptic location of these recep- 
tors remains to be demonstrated. Histamine turnover in 
the brain is also rapidly reduced after administration of 
various sedative drugs such as ethanol, A 9 -tetrahydrocan- 
nabinol, barbiturates, and benzodiazepines (62). The ef- 
fect of the latter compounds may result from their interac- 
tion in vivo with GABA receptors present on nerve 
endings of a subpopulation of histaminergic neurons con- 
taining GABA (66). 

In contrast, stimulation of ^-opioid (62) and /V-methyl- 
D-aspartate (NMDA) receptors (47) enhances histamine 
release and turnover in brain. Morphine increases hista- 
mine release in the periaqueductal gray (5). 

The effect of reserpine on brain histamine turnover 
appears to be controversial: Both enhancement (62) and 
inhibition (42) were reported. 

PHYSIOLOGICAL ROLES OF 
HISTAMINERGIC NEURONS 

In spite of many different suggestions mainly derived 
from the observations of responses to locally applied his- 
tamine, only few physiological roles of histaminergic neu- 
rons appear relatively well-documented. 

Arousal 

Following our initial proposal in 1977, a large body of 
experimental evidence has accumulated to indicate that 
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histaminergic neurons play a critical role in cortical acti- 
vation and arousal mechanisms (62). 

Intracerebral injection of histamine, particularly in the 
cat ventrolateral hypothalamus, where the density of his- 
taminergic axons is high, increases wakefulness via stim- 
ulation of postsynaptic H) receptors. Endogenous hista- 
mine presumably plays a similar role because inhibition 
of its synthesis by an L-histidine decarboxylase inhibitor, 
inhibition of its release by an H 3 -receptor agonist, and 
inhibition of its action by an H r receptor antagonist all 
increase deep slow-wave sleep and decrease wakefulness 
in several animal species; conversely, inhibitors of hista- 
mine methylation or H 3 -receptor antagonists, which facili- 
tate the amine release, both increase arousal (34,62). The 
role of histaminergic neurons in arousal is also shown 
by the decreased wakefulness following lesions of the 
posterior hypothalamus, particularly those aimed at de- 
struction of the tuberomammillary nucleus. 

Finally, histaminergic neurons share with other corti- 
cally projecting aminergic neurons which control behav- 
ioral states a number of electrophysiological properties, 
including increased activity during wakefulness (see pre- 
ceding section). 

Cellular modes of action of histamine mediated by H| 
and H 2 receptors may well account for its 4 'arousing ef- 
fect." On thalamic relay neurons, histamine, acting 
through these receptors, exerts a double depolarizing ac- 
tion and thereby facilitates a change of neuronal activity 
from one of endogenous oscillation and poor respon- 
siveness to sensory inputs which predominates during 
sleep, to one dominated by single-spike activity and a 
more accurate and faithful relay of sensory information 
which characterizes arousal (67). In addition, histamine 
will facilitate further processing of sensory information 
in the neocortex through the reduction of spike frequency 
adaptation resulting from a block of a Ca 2+ -activated K + 
current mediated by the H 2 receptor (21). These various 
actions seem shared by other neurotransmitters (including 
acetylcholine, noradrenaline, serotonin, and glutamate) 
which collectively innervate the forebrain and, possibly 
via shifts in oscillatory states of thalamocortical networks, 
promote the characteristic changes in firing occurring be- 
tween sleep and arousal (67). 

All these cellular modes of action of histamine, taken 
together with observations indicating that its release from 
activated tuberomammillary neurons is maximal during 
wakefulness, suggest that the histaminergic systems make 
an important contribution to the ascending control of 
arousal, attention, sensory information processing, and 
cognition. 

Accordingly, in humans, many H r receptor antagonists 
induce drowsiness, impair performances requiring atten- 
tion, increase the tendency to sleep, and are ingredients 
of over-the-counter sleeping pills. These sedative effects 
are stereoselective (43). Conversely, a new generation of 
4 'antihistamines," unable to block cerebral Hi receptors, 



are devoid of sedative properties. A rather large number 
of antidepressant (e.g., mianserin <>> doxepin) and antipsy- 
chotic agents (e.g., clozapine) display high H ( -receptor 
antagonist potency which presumably accounts for their 
sedative side effects (54). 

Control of Pituitary Hormone Secretion 

Exogenous and, in some cases, endogenous histamine 
were shown to affect the secretion of both posterior and 
anterior pituitary hormones (32.62). 

Supraoptic nucleus neurons are typically excited by 
application of histamine, their firing rate being increased 
during secretory bursts of activity and the depolarizing 
afterpotential being enhanced (65). This effect is mediated 
by H, receptors and causes circulating vasopressin levels 
to rise. Histaminergic neurons may participate in the 
physiological control of vasopressin secretion because in- 
hibition of histamine synthesis impairs the vasopressin 
response to adrenalectomy and stimulation of the tubero- 
mammillary nucleus causes phasic supraoptic nucleus 
neurons to become more excitable (77). This control, 
however, may not be a tonic one because H] -receptor 
antagonists do not appear to modify vasopressin secretion. 
It is not known whether the increase in water consumption 
elicited by an H 3 -receptor agonist is related to an effect 
on supraoptic nucleus neurons (8). 

Endogenous histamine may be involved in stress-, es- 
trogen- or morphine-induced release of prolactin because 
the response is prevented by blockade of histamine syn- 
thesis or of postsynaptic H! or H 2 receptors or activation 
of presynaptic H 3 autoreceptors (32). Being also pre- 
vented by antibodies to vasopressin, the action of hista- 
mine may involve this neuropeptide. Endogenous hista- 
mine, acting primarily at Hi receptors, may also be 
involved in the secretory responses of adrenocorticotropic 
hormone and /^-endorphin induced by restraint or insulin 
hypoglycemia. 

Although exogenous histamine predominantly inhibits 
the release of growth hormone and thyroid-stimulating 
hormone, the role of histaminergic neurons in the control 
of these hormones secretion is not established. 

Control of Appetite 

Weight gain is often experienced by patients receiving 
Hj antihistamines or tricyclic antidepressants displaying 
potent H t -receptor antagonist properties. It is likely that 
this reflects an inhibitory role of histamine neurons pro- 
jecting to the ventromedial and paraventricular hypotha- 
lamic nuclei on feeding as shown by the effects of hista- 
mine synthesis inhibitors or H 3 -receptor ligands (57). In 
addition, the extracellular concentration of the amine in 
rat hypothalamus increases during feeding (26). 



ulation of Seizure Susceptibility 

he action of drugs affecting histamine synthesis or 
hylation, as well as of H,- and H 3 -receptor antagonists, 
gests that endogenous histamine may restrict the mani- 
ations of electrically and pentetra/ole-induced sei- 
rs in rodents (78.79). 

;ulation of Vestibular Reactivity 

■ome H, antagonists are the most commonly used anti- 
tion-sickness drugs, but it is not clear whether this is 
itedto blockade of H, receptors. Histamine depolarizes 
.rons in vestibular nuclei and modulates quite er'fec- 
:ly static vestibular reflexes through interaction with 
h FU and H 3 receptors (64,74). A beneficial effect of 
receptor antagonists in vertigo or motion sickness was 
;gested by these data. 

) HISTAMINERGIC NEURONS HAVE A 
)LE IN NEUROPSYCHIATRY DISEASES? 

Among the various approaches that tend to establish 
: implication of other aminergic neuronal systems in 
uropsychiatric diseases, so far only a few were (or could 
) applied to histamine. 

Postmortem studies in basal ganglia of patients with 
rkinson's disease (62) or in a rodent model of this 
;ease (10) show no change in the activity of the hista- 
ne-synthesizing enzyme. 

In the hypothalamus of Alzheimer's disease patients, 
imerous neurofibrillary tangles and typical senile 
aques were detected in the tuberomammillary area; it 
as not clear, however, whether the number of histamine- 
ununoreactive neurons was decreased (2). Because re- 
>rts on histamine levels in such patients have been con- 
cting, a role of histamine in the etiopathology of 
lzheimer's disease remains doubtful. In addition, it may 
i of significance that 9-amino-l,2,3,4-tetrahydroacridine 
rHA), an anticholinesterase drug which was found use- 
il in Alzheimer's disease, is also a rather potent inhibitor 
f histamine methylation (11). 

The effects of antipsychotics at dopamine receptors 
rongly suggested the role of dopamine in schizophrenia, 
i contrast, the interaction of psychotropic drugs with 
istamine receptors are of limited help to deduce a role 
f histaminergic neurons in psychiatry. Over a decade 
go, the cerebral H 2 receptor was proposed by J. P. Green, 
3 Greengard, and colleagues to represent an important 
irget for most tricyclic and other antidepressant drugs 
lat interact with relatively high affinity with the receptor 
oupled to the cyclase (54). The strong dependence of 
le apparent affinity of these compounds for the H 2 recep- 
>r upon the experimental conditions of the assay leaves 
ome doubt, however, about the therapeutic significance 



of this observation (72). It remains that a number of side 
effects of several antidepressant drugs as well as some 
neuroleptics (e.g., sedation or weight gain) are attributable 
to the blockade of cerebral H, receptors (54). 

Unfortunately, the effects of drugs able to stimulate the 
three cerebral histamine receptor subtypes or to block H 2 
or H 3 receptors in ne uropsychiatric diseases are not 
known. Therefore, these receptors remain important po- 
tential targets for novel classes of psychotropic agents, 
particularly 4 'cognition/arousal enhancers' * acting via fa- 
cilitation of histaminergic neurotransmission in brain. 

REFERENCES 

1. Adachi N. Itoh Y. Oishi R. Saeki K. Direct evidence for increased 
continuous histamine release in the striatum oi conscious freely 
moving rats produced by middle cerebral artery occlusion. J Cereb 
Blood Flow Metab 1992:12:477-483. 

2. Airaksinen MS, Paetau A, Pali ami L, Reinikainen K, Riekkinen P, 
Suomalainen R, Panula P. Histamine neurons in human hypothala- 
mus: anatomy in normal and Alzheimer diseased brains. Neurosci 
1991;44:465-481. 

3. Arrang JM, Garbarg M, Schwartz JC. H 3 -receptor and control of 
histamine release. In: Schwartz JC, Haas HL, eds. The histamine 
receptor. New York: Wiley-Liss, 1992:145-159. 

4. Arrang JM, Gulat-Marnay C Defontaine N, Schwartz JC. Regula- 
tion of histamine release in rat hypothalamus and hippocampus by 
presynaptic galanin receptors. Peptides 1991;12:1113-1117. 

5. Barke KJE, Hough LB. Morphine-induced increases of extracellular 
histamine levels in the periaqueductal grey in vivo: a microdialysis 
study. Brain Res 1992;572:146-153. 

6. Cherifi Y, Pigeon C, Le Romancier M, Bado A, Reyl-Desmars F, 
Lewin MJM. Purification of a histamine H 3 receptor negatively 
coupled to phosphoinositide turnover in the human gastric cell line 
HGT1. J Biol Chem 1992;267:25315-25320. 

7. Clapham J, Kilpatrick GJ. Histamine H 3 receptor modulate the re- 
lease of [ 3 H]acetylchoIine from slices of rat entorhinal cortex: evi- 
dence for the possible existence of H 3 receptor subtypes. Br J Phar- 
macol 1992;107:919-923. 

8. Clapham J, Kilpatrick GJ. Histamine H 3 -receptor mediated modula- 
tion of water consumption in the rat. Eur J Pharmacol 1993;232:99- 

103. . . 

9. Cumming P. Damsma G, Fibiger HC, Vincent SR. Characterization 
of extracellular histamine in the striatum and bed nucleus of the stria 
terminalis of the rat: an in vivo microdialysis study. J Neurochem 
1991;56:1797-1803. 

10. Cumming P, Jakubovic A, Vincent SR. Cerebral histamine levels 
are unaffected by MPTP administration in the mouse. Eur J Phar- 
macol 1989;166:299-301. 

11. Cumming P, Reiner PB, Vincent SR. Inhibition of rat brain hista- 
mine-A^methyltransferase by 9 amino l,2.3.4tetrahydroacridine- 
(THA). Biochem Pharmacol 1990;40:1345-1350. 

12. Cumming P, Shaw C, Vincent SR. High affinity histamine binding 
site is the H 3 receptor: characterization and autoradiographic local- 
ization in rat brain. Synapse 1991;8:144-151. 

13. Delvalle J, Wang L, Gantz I, Yamada T. Characterization of H 2 
histamine receptor: linkage to both adenylate cyclase and [Ca 2+ L 
signaling systems. Am J Physiol 1992;263:G967-G972. 

14. Fink K, Schlicker E, Neise A, Gothert M. Involvement of presynap- 
tic H 3 receptors in the inhibitory effect of histamine on serotonin 
release in the rat brain cortex. Naunyn Schmiedebergs Arch Pharma- 
col 1990;342:513-519. 

15. Ganellin CR. Pharmacochemistry of H, and H 2 receptors. In: 
Schwartz JC, Haas HL, eds. The histamine receptor. New York: 
Wiley-Liss, 1992;l-56. 

16. Gantz I. Delvalle J, Wang LD, Tashiro T, Munzert G, Guo YJ, 
Konda Y, Yamada T. Molecular basis for the interaction of hista- 
mine with the histamine H 2 receptor. J Biol Chem 1992;267:20840- 
20843. 



40 < 



HlSTAMINK 



18. 



19. 



20. 



21. 



23. 



24. 



25. 



26. 



27. 



28. 



29. 



30. 



31. 



32. 



33. 



34. 



36. 



.. Munzcrt G. Tashiro T. Schaffer M. Wang L. Delvalle J. 
T. Molecular cloning of the human histamine H 2 receptor. 
'.><* Hiophys Res Commun 1991;178:1386-1392. 

: Schaffer M Delvalle J, Logsdon C Campbell V. Uhler 
- i.-.-.:»la T. Molecular cloning of a gene encoding the histamine 
" vvMor. Proc Natl Acad Sci USA 1991:88:429-433. 
*".-: M. Arrang JM. Rouleau A, Ligncau X. Dam Trung Tuong 
"> - *artz JC, Ganellin CR. S-[2-(4-Imidazolyl)ethyI]isothiourea. 
:-.../ specific and potent histamine H 3 -receptor agonist. J Phar- 
"> / «> Thcr 1992;263:304-310. 

■■*.'".-;• M. Traiffort E. Ruat M. Arrang JM. Schwartz JC. Revcrs- 

I -f iling of H,, H : and H, receptors. In: Schwartz JC, Haas 
v:--: The histamine receptor. New York: Wiley -Liss. 1992:73- 

■■' HI.. Elcctrophysiology of histamine receptors. In: Schwartz 
'(:«..'•. ML. eds. The histamine receptor. New York: Wiley-Liss. 
i'-l -177. 

II M Distribution, properties and functional characteristics of 
"'• ' lasses of histamine receptor. Pharmacol Rev 1990:42:45- 



I l'.n», Y. Mori Y, Higuchi I. Fujiinoto K, ho S. Fukui H. Molecular 

• 1'iiitnj- hi the guinea pig histamine H, receptor gene. J Biochem 
I ''''VI 1-1:408-414. 

(, "h Y. oishi R, Adachi N, Saeki K. A highly sensitive assay for 
'"Mamiiu* using ion-pair HPLC coupled with postcolumn fiuorcs- 

• ' < In unitization: its application to biological specimens. J Neuro- 
« hfin l«>«>2:58:884-889. 

""h Y. < )ishi R, Nishibori M. Saeki K. Characterization of histamine 
"''•■iisr from the rat hypothalamus as measured by in vivo microdia- 
'v iv 7 Neurochem 1991;56:769-774. 

,,M, > Y. oishi R, Saeki K. Feeding-induced increase in the extracel- 
lul:u v iMK entration of histamine in rat hypothalamus as measured 
'■v mvo microdialysis. Neurosci Lett 1991;125:235-237. 
'""Nvn I |\ Rademaker B, Bast A, Timmerman H. The first radiola- 
beled histamine H 3 receptor antagonist, [ l25 I]iodophenpropit: satu- 
.nut reversible binding to rat cortex membranes. Eur J Phar- 

\^2:2 17:203-205. 
'•»hn>,Mt CL. Histamine receptors and cyclic nucleotides. In: 
s « lt\v.»u; JC. Haas HL, eds. The histamine receptor. New York: 

liss. 1992; 129- 143. 
K;unoiuli A. Reiner PB. Hyperpolarization-activated inward current 
lusMininergic tuberomammillary neurons of the rat hypothala- 
mic / Wurophvsiol 1991;66:1902-1911. 

v. Knigge U, Vilhardt H, Bach FW, Warberg J. Involvement 
\.iv t MMx*ssin V, and V 2 receptors in histamine and stress induced 
>»vtv*-.-.^n of ACTH and /? -endorphin. Neuroendocrinology 
W*\ "503-509. 

v Knigge U. Vilhardt H, Warberg J. Involvement of vaso- 
pu-xx in histamine and stress -induced prolactin release: permis- 
M ^'. mediating or potentiating role? Neuroendocrinology 
iw: >- ,M4_32K 

Kn: ^-- l\ Warberg J. Minireview: the role of histamine in the 
'■vi:: v.x> /uiocrine regulation of pituitary hormone secretion. Acta En~ 
»".\ ■ m... 1991;124:609-619. 

1 ^» Traiffort E, Arrang JM, Tardivel-Lacombe J, Ruat M. 
s ^'-~ -.r JC. Guinea pig histamine H, receptor. II. Stable expression 
--- Ov vsc hamster ovary cells reveals the interaction with three 
v.i v > N . cna i transduction pathways. J Neurochem 1994,62:519- 

• : " n. Sakai K, Vanni-Mercier G, Arrang JM, Garbarg M, 
s ~ * * JC. Jouvet M. Involvement of histaminergic neurons in 

^ ^ mechanisms demonstrated with H 3 -receptor ligands in the 

• - - .::n Res 1990;523:325-330. 

< Arrang JM. Garbarg M, Luger P, Schwartz JC, Schunack 
u ^ thesis, absolute configuration, stereoselectivity, and receptor 
^ -■•-.*: < ,:v of (aR,^S)-a,^-dimethylhistamine, a novel highly potent 

• ne H,-receptor agonist. J Med Chem 1992;35:4434-4441. 

- ■ S. Semba K. Dual projections of single cholinergic and 
v U - brainstem neurons to the thalamus and basal forebrain 
- 'M. Brain Res 1993;604:41-52. 
v -v.- Mir MI, Pollard H, Moreau J, Arrang JM, Ruat M, Traif- 
* : Schwartz JC. Palacios JM. Three histamine receptors (Hi, 
"\ ^ , HO visualized in the brain of human and non-human pri- 
■■ Fmin Res 1990;526:322-327. 



38. 



39 



40 



41 



42. 



43. 



44. 



45. 



46 



Matsubara T. Moskowitz MA, Huang Z. UK- 14. 304, R(-)-a- 
methylhistaminc and SMS 201-995 block plasma protein leakage 
within dura mater by prejunctional mechanisms. Eur J Pharmacol 
1992:224:145-150. 

McCormick DA, Williamson A. Modulation of neuronal firing 
mode in cat and guinea pig I.GNd by histamine: possible cellular 
mechanisms of histaminergic control of arousal. J Neurosci 
1991;11:3188-3199. 

Mochizuki T, Yamatodani A. Okakura K, Horii A. Inagaki N. Wada 
H. Orcadian rhythm of histamine release from the hypothalamus 
of freely moving rats. Physiol Behav 1992;51:391-394. 
Mochizuki T, Yamatodani A. Okakura K. Takemura M. Inagaki N. 
Wada H. In vivo release of neuronal histamine in the hypothalamus 
of rats measured by microdialysis. Naunxn Schmiedebergs Arch 
Pharmacol 1991:343:190-195.' 

Muroi N, Oishi R. Saeki K. Effect of rescrpine on histamine metabo- 
lism in the mouse brain. J Pharmacol Exp Thcr 1991;256:967-972. 
Nicholson AN. Pascoe PA. Turner C. Ganellin CR. Greengrass 
PM. Casy AF. Mercer AD. Sedation and histamine H, receptor 
antagonism studies in man with the enantiomers of chlorphenira- 
mine and dimethindene. Br J Pharmacol 1991;104:270-276. 
Oike M, Kitamura K. KuriyamaH. Histamine H r receptor activation 
ausments voltage-dependent Ca"" current via GTP hydrolysis in 
rabbit saphenous artery. J Physiol 1992;448:133-152. 
Oishi R, Adachi N, Okada K. Muroi N, Saeki K. Regulation of 
histamine turnover via muscarinic and nicotinic receptors in the 
brain. J Neurochem 1990;55:1899-1904. 

Oishi R, Itoh Y, Saeki K. Inhibition of histamine turnover by 8- 
OH-DPAT, buspirone and 5-hydroxytryptophan in the mouse and 
rat brain. Nanny n Schmiedebergs Arch Pharmacol 1992:345:495- 
499. 

47. Okakura K, Yamatodani A. Mochizuki T, Horii A, Wada H. Gluta- 
matergic regulation of histamine release from rat hypothalamus. 
Eur J Pharmacol 1992;213:189-192. 

48. Ono J, Yamatodani A, Kishino J, Okada S, Wada H. Cholinergic 
influence of K* -evoked release of endogenous histamine from rat 
hypothalamic slices in vitro. Methods Find Exp Clin Pharmacol 
1992;14:35-40. 

49. Panula P, Airaksinen MS. The histaminergic neuronal system as 
revealed with antisera against histamine. In: Watanabe T, Wada H, 
eds. Histaminergic neurons: morphology and function. Boca Raton, 
FL: CRC Press, 1991;127-144. 

50. Pollard H, Bouthenet ML. Autoradiographic visualization of the 
three histamine receptor subtypes in the brain. In: Schwartz JC, 
Haas HL, eds. The histamine receptor. New York: Wiley-Liss, 
1992;179-192. 

5 1 . Pollard H, Moreau J, Arrang JM, Schwartz JC. A detailed autoradio- 
graphic mapping of histamine H 3 -receptors in rat brain areas. Neuro- 
science 1993;52:169-189. 

Prast H, Heistracher M, Philippu A. In vivo modulation of the 
histamine release in the hypothalamus by adrenoreceptor agonists 
and antagonists. Naunyn Schmiedebergs Arch Pharmacol 1991; 
344:183-186. 

53. Prast H, Heistracher M, Philippu A. Modulation by dopamine recep- 
tors of the histamine release in the rat hypothalamus. Naunyn 
Schmiedebergs Arch Pharmacol 1993;347:301-305. 

54. Richelson E. Histamine receptors in the central nervous system. In: 
Schwartz JC, Haas HL, eds. The histamine receptor. New York; 
Wiley-Liss, 1992;271 -295. . 

55. Ruat M, Traiffort E. Arrang JM, Leurs R, Schwartz JC. Cloning 
and tissue expression of a rat histamine H r receptor gene. Biochem 
Biophys Res Commun 1991;179:1470- 1478. 
Ruat M, Traiffort E, Schwartz JC. Biochemical properties of hista- 
mine receptors. In: Schwartz JC, Haas HL, eds. The histamine re- 
ceptor. New York: Wiley-Liss. 1992;97-107. 
Sakata T, Fukagawa K, Ookuma K, Fujimoto K. Yoshimatsu H, 
Yamatodani A, Wada H. Hypothalamic neuronal h.siarn me _moou- 
lates ad libitum feeding by rats. Brain Res 1 990:537:303- 3UO. 
c^.;^~ p n.hiino a ifimmen G. Gothert M. Histamine H 



52. 



56. 



57. 



58 



Schlicker E, Behling A, Lummen G, Gothert 
receptor-mediated inhibition of noradrenaline release in the mouse 
brain cortex. Naunyn Schmiedebergs Arch Pharmacol IVV/, 
345:489-493. „. -^hiic 

59. Schlicker E, Fink K. Detzner M, Gothert M. Histamine inhibits 



HIM --ViVi 1 in c / "X u 



pamine release in the mouse striatum via presynaptic H ? reccp- 
•s. J Neural Transm 1993:93:1-10. 

honrock B. BUsscibcrg D, Haas HL. Properties of tuberomammil- 
7 histamine neurons and their response to galanin. Agents Actions 
•91:33:135-137. 

:hwartz JC. Arrang JM. Garbarg M, Gulat-Mamay C, Pollard H. 
odulation of histamine synthesis and release in brain via presynap- 
: autorceepiors and hctero receptors. Ann NY Acad Sci 
'90:604:40-54. 

:hwartz JC. Arrang JM. Garbarg M, Pollard H. Ruat M. Histamin- 
gic transmission in the mammalian brain. Physiol Rev 1 99 1 ;7 i : I - 
I. 

:hwanz JC, Haas HL. eds. The histamine receptor. New York: 
*iley-Liss, 1992. 

:rafin M. Khalch A. Vibert N, Vidal PP. Muhlethaler M. Medial 
tstibular nucleus in the guinea pig: histaminergic receptors. I. An 

vitro study. Exp Brain Res 1992:93:242-248. 
nith BN. Armstrong WE. Histamine enhances the depolarizing 
terpotential of immunohistochemically identified vasopressin neu- 
.ns in the rat supraoptic nucleus via H, receptor activation. Neuro- 

ience 1993;53:855-864. 

:aines \VA. Nagy JI. Neurotransmitter coexistence in the tubero- 
ammillary nucleus. In: Watanabe T, Wada H. eds. Histaminergic 
mrons: morphology and function. Boca Raton. FL: CRC Press, 
)91;163-176. 

teriade M, McCormick DA. Sejnowski TJ. Thalamocortical oscil- 
tions in the sleeping and aroused brain. Science 1993:262:679- 
85. 

ohyama M, Tamiya R, Inagaki N, Takagi H. Morphology of hista- 
unergic neurons with histidine decarboxylase as a marker. In: 
/atanabe T, Wada H, eds. Histaminergic neurons: morphology 
nd function. Boca Raton, FL: CRC Press, 1991;107- 126. 
raiffort E, Leurs R, Arrang JM. Tardivel-Lacombe J, Diaz J. 
chwartz JC, Ruat M. Guinea pig histamine H, receptor. I. Gene 
loning, characterization and tissue expression revealed by in situ 
ybridization. J Neurochem 1994;62:507-518 . 
raiffort E, Pollard H, Moreau J, Ruat M, Schwartz JC, Martinez 
lir MI, Palacios JM. Pharmacological characterization and autora- 



diographic localization of histamine H 2 receptors in human brain 
identified with [ l25 I]iodoaminopotentidine. J Neurochem 1992; 
59:290-299. 

71. Traiffort E, Ruat M. Arrang JM. Leurs R, Piomelli D. Schwartz 
JC. Expression of a cloned rat histamine H* receptor mediating 
inhibition of arachidonate release and activation of cAMP accumu- 
lation. Proc Natl Acad Sci USA 1992;89:2649-2653. 

72. Traiffort E, Ruat M, Schwartz JC. Interaction of mianserin, amitrip- 
tyline and haloperidol with guinea pig cerebral histamine H 2 recep- 
tors studied with [ ,23 I]iodoaminopoteniidinc. Eur J Pharmacol 
1991:207:143-148. 

73. Woutcrlood FG. Steinbusch HWM. Afferent and efferent fiber con- 
nections of histaminergic neurons in the rat brain: comparison with 
dopaminergic, noradrenergic and serotonergic systems. In: Wata- 
nabe T, Wada H, eds. Histaminergic neurons: morphology and 
function. Boca Raton, FL: CRC Press, 1991:145-162. 

74. Yabc T, de Waele C. Serafin M. Vibert N, Arrang JM. Muhleihaler 
M. Vidal PP. Medial vestibular nucleus in the guinea pig: histamin- 
ergic neurons. II. An in vivo study. Exp Brain Res 1993:93:249- 
258. 

75. Yamashita M. Fukui H. Sugawa K, Horio Y, Ito S, Mizuguchi H. 
Wada H. Expression cloning of a cDNA encoding the bovine hista- 
mine Hi receptor. Proc Natl Acad Sci USA 1991 ?S8: 1 1 5 15- 1 1519. 

76. Yanai K, Watanabe T, Yokoyama H. Hatazawa J, Iwata R, Ishiwata 
K, Meguro K. Itoh M, Takahashi T, Ido T, Matsuzawa T. Mapping 
of histamine H, receptors in the human brain using [ n C]pyrilamine 
and positron emission tomography. J Neurochem 1992;59:128-136. 

77. Yang QZ, Hatton GI. Histamine and histaminergic inputs: responses 
of rat supraoptic nucleus neurons recorded intracellularly in hypo- 
thalamic slices. Biomed Res 1989;10:135-144. 

78. Yokoyama H, Onodera K, Linuma K, Watanabe T. Effect of thio- 
peramide, a histamine H 3 receptor antagonist on electrically induced 
convulsions in mice. Eur J Pharmacol 1993;234:129-133. 

79. Yokoyama H t Onodera K, Maeyama K, Yanai K, Linuma K, Tuo- 
misto L, Watanabe T. Histamine levels and clonic convulsions of 
electrically induced seizure in mice: the effects of a-fluoromethyl- 
histidine and metoprine. Naunyn Schmiedebergs Arch Pharmacol 
1992;346:40-46. 



(feneration of Progress, edited by 
Floyd E. Bloom and David J. Kupfer. 
Raven Press. Ltd.. New York *C> 1995. 



CHAPTER 35 

Histamine 

Jean-Charles Schwartz, Jean-Michel Arrang, Monique Garbarg, 
and Elisabeth Traiffort 



In a certain way, histaminergic systems have had a great, 
although indirect, historical importance in the develop- 
ment of neuropsychopharmacology. Indeed the discovery 
of both the neuroleptic and tricyclic antidepressant drugs 
in the 1950s was derived from the clinical study of behav- 
ioral actions of "antihistamines," a class of antiallergic 
drugs now designated Hi -receptor antagonists. 

Nevertheless, the histaminergic neuronal system in 
brain, although already unraveled by the mid-1970s, has 
remained largely unexploited in drug design. Thus, only 
the traditional brain -penetrating Hi -receptor antagonists, 
used as over-the-counter sleeping pills, are known to in- 
terfere with histaminergic transmissions in the central ner- 
vous system (CNS). This contrasts with emergence, dur- 
ing the last decade, of a detailed knowledge of the system 
revealing that it shares many biological and functional 
properties with other aminergic systems overexploited in 
CNS drug design. 

Histamine and its receptors in the brain have recently 
been the subject of two comprehensive reviews (22,62). 
Therefore, in order to limit the length of the present chap- 
ter we have deliberately selected to summarize the 
detailed information that can be found in these re- 
views, adding only more recent information and major 
references. 

ORGANIZATION OF THE HISTAMINERGIC 
NEURONAL SYSTEM 

One decade after the first evidence by Garbarg et al. 
of an ascending histaminergic pathway obtained by le- 
sions of the medial forebrain bundle, the exact localiza- 
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tion of corresponding perikarya in the posterior hypothal- 
amus was revealed immunohistochemically. Since then, 
the distribution, morphology, and connections of hista- 
minergic neurons have been determined. Data were re- 
cently reviewed (49.66,68,73) and will only be summa- 
rized briefly here. 

All known histaminergic perikarya constitute a continu- 
ous group of mainly magnocellular neurons (about 2000 
in the rat), located in the posterior hypothalamus and 
collectively named the tuberotnammillary nucleus. It can 
be subdivided into medial, ventral, and diffuse subgroups 
extending longitudinally from the caudal end of the hypo- 
thalamus to the midportion of the third ventricle. A similar 
organization was described in humans, except that hista- 
minergic neurons are more numerous (—64,000) and oc- 
cupy a larger proportion of the hypothalamus (2). Besides 
their large size (25-35 /xm), tuberomammillary neurons 
are characterized by few thick primary dendrites, with 
overlapping trees, displaying few axodendritic synaptic 
contacts. Another characteristic feature is the close con- 
tact of dendrites with glial elements in a way suggesting 
that they penetrate into the ependyma and come in close 
contact with the cerebrospinal fluid, perhaps to secrete or 
receive still unidentified messengers. 

The histaminergic neurons are characterized by the 
presence of an unusually large variety of markers for 
other neurotransmitter systems: glutamic acid decarboxyl- 
ase, the gamma-aminobutyric acid (GABA)-synthesizing 
enzyme; adenosine deaminase, a cytoplasmic enzyme 
possibly involved in adenosine inactivation; galanin, a 
peptide colocalized with all other monoamines; (Met 5 ) 
enkephalyl-Arg 6 Phe 7 , a product of the proenkephalin A 
gene; and other neuropeptides, such as substance P, thyro- 
liberin, or brain natriuretic peptide. Tuberomammillary 
neurons also contain monoamine oxidase B, an enzyme 
responsible for deamination of tele-methylhistamine, a 
major histamine metabolite in brain. Finally, a subpopula- 



397 



Digestive Diseases and Sciences. V'oi 40, No. 9 (September 1995), pp. 2052-2063 v 

REVIEW ARTICLE \ A J$Lc 




An Update on Histamine H 3 Receptors 
and Gastrointestinal Functions 

GIULIO BERTACCINL MD. PhD and GABRIELLA CORUZZL PhD 



The distribution and functions of histamine H 3 receptors in the gastrointestinal tract is 
reviewed with particular reference to the effects on gastric acid secretion, mucosal protection, 
and intestinal motility. Histamine H 3 receptor activation has negative effects on acid secretion 
induced bv indirect secretagogues in cats, dogs, and rabbits; less clear effects were found in 
rats. An inhibitory effect on histamine release induced by different stimuli was observed in 
rats, rabbits, and dogs after H 3 receptor agonists, thus supporting the idea that H 3 receptors 
occur in ECL cells, (tf)-a-methylhistamine has a marked protective effect against gastric 
lesions induced by ethanol in rats, being slightly less effective against aspirin and stress. H 3 
receptor activation decreases the intestinal motility induced by electrical stimulation in a 
variety of gut preparations, reducing both cholinergic and NANC neurotransmitter release. 
In this tissue the inhibitory effects mediated by histamine H 3 receptors seem to be coupled, 
via a G protein, to a restriction of Ca 2+ access into the nerve terminal; other mechanisms, 
however, have been suggested in the gastric mucosa. Histamine H 3 receptors have already 
been subdivided into two receptor subtypes, H 3A and H 3B , the former being the subtype 
predominant in the gastrointestinal tissue. The increasing availability of selective agonists and 
antagonists of H 3 receptors will unravel possible novel actions and physiological roles of 
histamine. 
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With the discovery of histamine H 2 receptors by Sir 
James Black et al (1) and the consequent appearance 
in the literature of thousands of papers concerning H 2 
antagonists, the study of histamine in the gastrointes- 
tinal tract seemed to be concluded. However, several 
areas of uncertainty still existed, and new horizons 
were opened up when a new subtype of histamine 
receptors, namely H 3f was described (2). H 3 receptors 
were initially found in the central nervous system, 
where, by acting as prejunctional autoreceptors, they 
negatively regulate histamine synthesis and release 
from histaminergic neurons. In subsequent studies, 
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strong evidence has been presented that the hista- 
mine H 3 receptor is not restricted to histaminergic 
nerve terminals but also occurs as a heteroreceptor 
both in central and peripheral neurons, where it reg- 
ulates the release of several neurotransmitters (nora- 
drenaline, acetylcholine, 5-hydroxytryptarnine, dopa- 
mine, etc) (for review see 3-6). H 3 receptors occur 
also in sensory neurons, where they inhibit the release 
of neuropeptides from C fibers, and in nonneural 
tissues, such as mast cells and ECL cells (7). 

The experimental research on histamine was 
greatly influenced by the new discovery, and all his- 
taminologists were pushed to reconsider their own 
work. In particular, investigators involved in gastro- 
intestinal research had the opportunity to revisit all 
the problems which still remained unsolved, even 
after the H 2 antagonists era. In fact, although hista- 
mine was considered the main physiological mediator 
in gastric acid secretion, histamine release from gas- 
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trie mucosal stores still remains the subject of strong 
debate, partly because cellular stores for histamine 
are different in the different species (8) and partly 
because the interplay of the endogenous mediators in 
gastric mucosa is very complex (9-11). Another cen- 
tral problem is the role of histamine in mucosal 
protection: many authors (12-14) have described his- 
tamine as an ulcerogenic substance, whereas, at the 
same time, others have claimed that histamine is 
actually a gastroprotective compound (15. 16). 

As for intestinal motility, some doubts concern the 
so-called "anomalous" H 2 receptors stimulated by the 
H 2 agonists but not inhibited by the H 2 antagonists 
(17-19). 

The present review will focus on H 3 receptors and 
gastrointestinal functions, with particular reference to 
acid secretion, mucosal protection, and intestinal 
motility. 

CHEMISTRY OF H 3 RECEPTOR LIGANDS 

As in the case of H 2 ligands, the synthesis of H 3 
receptor agonists and antagonists started from hista- 
mine. Histamine itself activates H 3 receptors with a 
potency actually higher than that exerted at H x and 
H 2 receptors. The first H 3 antagonists were searched 
in the field of already known Hj and H 2 ligands, and 
indeed burimamide and impromidine were found to 
possess rather high affinity for H 3 receptors (2), al- 
though they are nonselective compounds. In this re- 
spect, it must be emphasized that some other H 2 
antagonists (ie, metiamide and mifentidine) have ap- 
proximately the same affinity at H 2 and H 3 receptors 
(20); this casts some doubts on previous studies in 
which histamine-mediated responses were classified 
as H 2 -mediated only on the basis of their blockade by 
these compounds. Starting from 1987 (21) highly po- 
tent and selective H 3 ligands were available, like 
(/?)-a-methylhistamine as an agonist and thiopera- 
mide as an antagonist, and this has allowed the iden- 
tification of H 3 receptors in a variety of tissues. In 
subsequent studies, a series of newly synthesized mol- 
ecules were found to have a better potency and se- 
lectivity at histamine H 3 receptors (for review see 20, 
22-26). In the field of agonists, most compounds are 
substitution products of histamine and most of the H 3 
antagonists are imidazole derivatives. There are a few 
nonimidazole compounds that possess H 3 receptor 
activity, like dimaprit (20), betahistine (3), the psy- 
chotomimetic drug phencyclidine (27), and the anti- 
psychotic drug clozapine (28); however, their potency 
at H 3 receptors is much lower than that of thioper- 
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amide. Tables 1 and 2 are a synopsis of the different 
H 3 ligands so far available for pharmacological stud- 
ies. Their activity was determined in functional exper- 
iments from brain and intestinal tissues, considered as 
screening tests for the pharmacological evaluation of 
new H 3 ligands (29). 

TISSUE DISTRIBUTION OF H 3 RECEPTORS 

The availability of radiolabeled [ 2 H](R)-a- 
methylhistamine has allowed the study of the dis- 
tribution of H 3 receptors in the different tissues. 
Binding and autoradiographic studies in rat and 
human brain showed that the distribution of H 3 
receptors is highly heterogeneous (30, 31). The 
mean density of these receptors is rather low com- 
pared with that of H x and H 2 receptors and partic- 
ularly in peripheral tissues (32). As regards the 
gastrointestinal tract, contrasting findings have 
been reported by the use of [ 3 H]N°-methylhista- 
mine (32) or [ 3 H]S-methylthioperamide (33) as a 
radioligand, the H 3 receptor density being lower or 
higher, respectively, in the stomach than in the 
large intestine. However, both these ligands were 
found to interact with non-H 3 receptor sites; thus 
radioligands with higher selectivity could represent 
more suitable probes. Recently, two radiolabeled 
antagonists, [ 125 I]iodophenpropit and [ 125 I]iodo- 
proxyfan (34, 35) were synthesized and proved to 
be very potent and selective at histamine H 3 recep- 
tors; they could be therefore very useful for a 
definite assessment of the relative distribution of 
these receptors in the different tissues. 

GASTRIC ACID SECRETION 

In Vivo Experiments 

The early in vivo experiments were performed in 
conscious cats fitted with gastric fistula and/or a Hei- 
denhain pouch (36, 37). They were carried out by the 
use of (R)-a-methylhistamine, which proved to be a 
good inhibitor of gastric secretion induced by a num- 
ber of indirect stimuli (2-deoxy-D-glucose (2-DG), 
pentagastrin, food, and bombesin). The inhibitory 
effect of (tf)-a-methylhistamine, which never ex- 
ceeded 50-60%, was counteracted by thioperamide, 
and this represented the first evidence of the involve- 
ment of H 3 receptors. Furthermore, thioperamide 
alone was able to enhance the stimulatory effect of 
submaximal doses of 2-DG and pentagastrin. This 
suggested that H 3 receptors might have a role in the 
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Table 1. Agonistic Activity of Some H 3 Ligands Determined on Rat 
Cerebral Cortex and Guinea Pig Intestine 



pD 2 values (references) 
Compound Structure CMS Intestine 



Histamine __^cH a c H ,- MHa 1A (2) 6.9(59) 



CH,CH a -NHCH, n rj 7 9 1 

A^-Methylhistamine 7.8(21) ui ; v 



Dimethylhistamine 
(/?)-a-Methylhistamine 



i=t 

Ht: n 



HN fl CH 3 'H 



w CH a CH 3 W-CH a 



CH a C— NH 3 



7.6 (21) 
8.4 (21) 



7.3 (90) 



7.6 (59) 
7.8 (23) 



Imetit 



lmmepip 



1=1 

HN N 



Dimethylhistamine 



, CH a CH a S-£ — «H a 



CH 3 

„ CH — CH — NH, 
CH, 



9.3 (20) 
9.0 (22) 



NT 



8.5 (89) 



8.2 (72)* 



7.8* 
8.0 (23) 



NTt 



*Poli (unpublished data). 
tNT = not tested. 

endogenous regulation of stimulated acid secretion. 
Conversely, the acid secretion induced by direct stim- 
uli (histamine and dimaprit) was not affected by ei- 
ther the agonist or the antagonist. Roughly similar 
results were obtained in the conscious dog with gas- 
tric fistula (38, 39). So far these last studies represent 
the most exhaustive investigation in which an attempt 
was made to clarify the mechanism of action of (R)- 
a-methylhistamine. Together with acid secretion, 
plasma gastrin levels were also considered: it was of 
interest that the effect of bombesin and 2-DG on acid 
secretion was markedly inhibited by (^)-a-methylhis- 
tamine, whereas the increase in plasma gastrin levels 
evoked by the above stimuli was not affected. This was 
taken as an indication that histamine H 3 receptors do 
not occur in the G cells, at least in the dog (Figure 1). 
Preliminary data obtained in the cat (40, Coruzzi, 
unpublished results) seem to confirm these findings. 
The hypothesis that H 3 receptors are located in ECL 
cells exerting an inhibition of histamine release in- 
duced by gastrin and/or acetylcholine was supported 
by very recent observations (Soldani et al, unpub- 
lished results) in anesthetized dogs: histamine levels 
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in the gastrosplenic vein increased after pentagastrin, 
and this increase was strongly reduced (approximately 
78%) by administration of (K)-a-methylhistamine. 
Furthermore, in the same experimental conditions, 
the histamine release evoked by low doses of penta- 
gastrin was strongly enhanced by thioperamide; this 
indicates that endogenous histamine may regulate its 
own release through a negative feedback mechanism 
involving H 3 receptors. This observation is in full 
agreement with the early data obtained in the brain 
(7). Our experiments, however, also support the sug- 
gestion that H 3 receptors are located on the cholin- 
ergic neurons (Figure 1). 

Surprisingly, in most of the experimental models 
employing the rat, both (i*)-a-methylhistamine and 
thioperamide were completely ineffective (41), with 
the exception of an inhibitory action of (R)-a- 
methylhistamine when administered (icv = intracere- 
broventricularly) in conscious pylorus-ligated rats 
(42). 

A synopsis of the in vivo data concerning the effect 
of (K)-a-methylhistamine in different species is shown 
in Table 3. 
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Ta?_£ - \>t agonistic Activity of Some H 3 Ligands Determined on Rat Cerebral Cortex and 

Guinea Pig Intestine 



Structure 



pA 2 values (reference) 



CNS 



Intestine 



Bu: ctf 

Imn-~— c 

Clor^zrropit 
Clonii-.rropit 
Iodorr;.v-:an 
Iodorcecrropit 



^(CH, ^NHCNHCH, 




7.5 (2) 



7.5 (2) 7.59 (54) 



8.9 (21) 



NTt 



8.3 (35) 



1.2 nM§ 



8.79 (72) 
7.9 (59) 



9.5 (26) 9.9 (24) 



9.1% 



9.0 (35) 



9.6 (90) 



*Ins;rz:ounuiblc antagonism (Poli, unpublished data). 
tNT = -ot tested. 
jPoL ^published data. 

§K D ic:?rmincd in displacement experiments. 



In Vitro Experiments 

Results obtained by the use of in vitro techniques 
were not as homogeneous as those above described. It 
is evident from Table 4 that results varied markedly 
according to the different species and experimental 
models: in the mouse whole stomach, for instance, 
CK)-a-methylhistamine actually increased acid secre- 
tion (43), whereas it had no effect in isolated gastric 
glands (44). In the rat and the guinea pig (41, Coruzzi, 
unpublished data), the H 3 agonists and antagonists 
were ineffective on both basal and stimulated acid 
secretion. Finally, in rabbit gastric glands (/?)-<*- 
methylhistamine did not affect acid secretion, 
whereas thioperamide increased it (45). On the 
whole, the above results indicate that the commonly 
used isolated gastric preparations do not seem suit- 
able for the study of H 3 receptors, although they 
proved suitable for the study of H 2 receptors. They 
also suggest that histamine H 3 receptors in the gastric 
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mucosa are more likely located in the gastric environ- 
ment rather than on parietal cells. Several studies of 
the effect of (/?)-a-methylhistamine on acid secretion 
and on hormonal and paracrine mediators confirm 
the above hypothesis. In fact, besides the above- 
described inhibitory effect of (/?)-a-methylhistamine 
on histamine release induced by pentagastrin ob- 
served in the dog, an inhibition of gastrin-induced 
histamine release by the H 3 agonists was observed in 
vitro in the rat (46). Recently, an exhaustive study 
carried out by Prinz et al (47) showed that in the rat 
(/?)-a-methylhistamine inhibited, whereas thioperam- 
ide stimulated, gastrin/CCK8-induced histamine re- 
lease from the ECL cells. This supports a role for the 
ECL cells in the peripheral control of gastric acid 
secretion by histamine H 3 receptors. The apparent 
contrast between these data and the lack of inhibitory 
effect of H 3 receptor activation on acid secretion in 
the rat might perhaps be explained if we consider that 
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Fig 1. Proposed locations of histamine H 3 receptors in the parietal cell environment, based 
experiments performed in conscious dogs. ACh = acetylcholine. (From 39, modified.) 



(i?)-a-methylhistamine, at the concentrations used by 
Prinz et al (10~ 6 M), may also activate histamine H 2 
receptors in the parietal cells, with a consequent 
increase in acid secretion. This could mask an antise- 
cretory effect due to the decrease of histamine 
release. 

An inhibition of "basal" histamine release from 
rabbit gastric glands was observed following adminis- 
tration of (i?)-a-methylhistamine; thioperamide, be- 
sides the expected antagonism, per se enhanced basal 
histamine release (45). It is of interest that in the 
isolated fundic mucosal cells of the rabbit H 3 recep- 
tors seem to autoregulate the histamine synthesis 
through histidine decarboxylase activity, exactly as 
was described for the first time in the brain (7, 48). 

An interesting, although very preliminary, study is 
that performed on the isolated mouse whole stomach 
(49). According to the authors, H 3 receptor activation 
could actually enhance gastrin release, because of an 
inhibitory action on D cells with a consequent inhibi- 
tion of somatostatin release. Of course, these findings 



await confirmation, since only a short abstract has 
been published so far. In summary, the role of H 3 
receptors in the regulation of hormonal and paracrine 
influences on acid secretion is still to be clarified 
(Table 5). 

GASTROPROTECTION 

The role of histamine in gastric mucosal protection 
against noxious stimuli is unclear, in spite of a number 
of reports on this topic. However, although some 
authors consider histamine to be a gastroprotective 
agent, most reports are in favor of a definite ulcero- 
genic role of histamine. An explanation for these 
contrasting data might lie in differences in the exper- 
imental models employed. Although a series of H r 
and H r receptor agonists and antagonists were tested 
for their effects on mucosal protection and/or dam- 
age, no definite conclusion as regards the subtype of 
receptors involved was reached from these investiga- 
tions. The availability of H 3 receptor agonists and 
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Table 3. Effects of (/?)-q-Methylhistamine on Gastric Acid Secretion 

(in Vivo Data) 





Tpc h ft inn p 


Effect* 


Reference 


Conscious 


Gastric fistula 


a) Inhibition of 2-DG- and 


36 


cat 


Gastric fistula 
and 

Heidenhain 
pouch 


bombesin-induced secretion 
b) No effect on dimaprit- 
and pentagastrin-induced 
secretion 
• a) Inhibition of food- and 
pentagastrin-induced 
secretion 

b) No effect on basal and 
histamine-induced secretion 




Conscious 


Gastric fistula 


a) Inhibition of 2-DG. 


3S.39 


dog 




pentagastrin and 






DOlTlUCMIl'lllUUlrCll bCLlCLIUll 

b) No effect on basal and 
histamine-induced secretion 




Conscious 


Pylorus- 


No effect after 


41 


rat 


ligated 


intraperitoneal 






administration 
Inhibition after 
intracerebroventricular 
administration 


42 


Anesthetized 


Lumen- 


No effect on basal, 


41 


rat 


perfused 
stomach 


histamine, and 
2-DG-induced secretion 





*2-DG = 2-deoxy-D-glucose. 



antagonists seemed to be a good reason to focus on 
the role of histamine. After a first preliminary obser- 
vation demonstrating that the selective H 3 receptor 
agonist (7?)-a-methylhistamine decreased lesion for- 
mation caused by ethanol in the rat (50), a thorough 
investigation was performed in our laboratory (51, 52) 
in order to reveal a possible role of H 3 receptors in 
gastroprotection against a variety of stimuli. From 
this study it emerged that (7?)-a-methylhistamine, ad- 
ministered in a dose range of 1-100 mg/kg either by 
an intragastric or intraperitoneal route, dose depen- 



dency inhibited ethanol-induced lesions. The effect 
induced by 30 mg/kg (i?)-a-methylhistamine (approx- 
imately 50% protection) was completely reversed by 
thioperamide, suggesting the involvement of H 3 re- 
ceptors. Conversely, when complete protection was 
obtained with the H 3 agonist at 100 mg/kg, no antag- 
onism was noted either with thioperamide or with the 
new and more potent H 3 antagonist, clobenpropit 
(26). This suggests that at least part of the effect of 
(tf)-a-methylhistamine is independent of an activa- 
tion of H 3 receptors. 



Table 4. Effect of (/?)-ct-Methylhist amine on Gastric Acid Secretion 
(in Vitro Data) 



Species 


Technique 


Effect 


Reference 


Mouse 


Whole stomach 


Increase in acid 
secretion 


43 




Gastric glands 


No effect 


44 


Rat 


Gastric fundus 


No effect on basal and 

histamine-induced 

secretion 


41 




Vascularly-perfused 


No effect on basal and 


46 




stomach 


gastrin-induced 
secretion 




Guinea pig 


Gastric fundus 


No effect 


* 


Rabbit 


Gastric glands 


No effect on basal 


45 




secretiont 





*Coruzzi (unpublished data). 
tThioperamide increased basal acid secretion. 
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Table 5. Effect of (K)-a-METHYLHiSTAMiNE on Hormonal and Paracrine 
Mediators of Gastric Secretion Process 



Sp€Cl€S 


Effect 


Reference 


Rat 


Inhibition of histamine release induced by CCK-8 


47 




Inhibition of histamine release induced by gastrin 


46 


Mouse 


Inhibition of somatostatin release 


49 




Enhancement of gastrin release 


49 


Rabbit 


Inhibition of histamine release 


45 


Cat 


No effect on gastrin release induced by 2-DG 


* 




No effect on gastrin release induced by food 


40 


Dog 


No effect on gastrin release induced by 2-DG and 


38, 39 


bombesin 






Inhibition of histamine release induced by 


t 




pentagastrin 





*Coruzzi (unpublished data). 
tSoldani (unpublished data). 



The mechanism of the protective effect of (R)-a- 
methylhistamine is not entirely clear; the involvement 
of endogenous prostaglandins seems to be very low, 
as suggested by the weak effect of indomethacin. 
However, if we allow that histamine is most probably 
ulcerogenic, it can be speculated that the activation of 
H 3 receptors may exert mucosal protection by reduc- 
ing histamine synthesis and release from mucosal 
stores. Histological and electron microscopy studies 
indicate that (/?)-a-methylhistamine increases the 
number of mucous granules in surface and neck cells 
and also promotes a rapid process of reepithelization. 
Finally, since hemorrhagic necrotic lesions were vir- 
tually absent in (K)-a-methylhistamine-pretreated 
rats, an involvement of mucosal microvessels might 
be hypothesized. It was in fact previously shown (53) 
that histamine H 3 receptor activation reduces sympa- 
thetic tone in the guinea pig gastric microcirculation 
with consequent increased blood flow. It is of interest 
that a complete protection against ethanol-induced 
lesions, such as that induced by (7?)-a-methylhista- 
mine, has so far been observed only with prostanoids. 
In preliminary investigations (Morini et al, unpub- 
lished results) (7?)-a-methylhistamine was found to 
exert a similar, although quantitatively less evident, 
gastroprotective effect against aspirin + HC1, indo- 
methacin, and stress. 

INTESTINAL MOTILITY 

The effects of histamine on gastrointestinal motility 
are mediated by different types of receptors, located 
either prejunctionally or in the smooth muscle cells 
(4). While it seems generally accepted that Hj recep- 
tors mediate the excitatory responses of histamine, 
the characterization of H 2 receptors has been rather 
complex: the existence of so-called "anomalous" H 2 
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receptors, sensitive to the agonists but not to the 
antagonists, has been reported by some authors (18). 
Moreover, an inhibitory action of histamine on elec- 
trically evoked contractions of longitudinal muscle 
myenteric plexus preparation was reported not to be 
mimicked by other H 2 agonists and to be blocked only 
by burimamide (17). The discovery of histamine H 3 
receptors in the central nervous system (CNS) has led 
some investigators to reexamine the effects of hista- 
mine on guinea pig small intestine, and it has clearly 
been shown that the histamine receptor located 
prejunctionally, which inhibits acetylcholine release 
in this tissue, had to be characterized as the H 3 
receptor (54). Subsequently, many data in the litera- 
ture demonstrate the occurrence of H 3 receptors in 
the small and large intestine of the guinea pig, these 
receptors being located not only on cholinergic neu- 
rons but also in noncholinergic nerve endings. This 
was assessed both in functional studies with electri- 
cally stimulated preparations or isolated myenteric 
neurons (55-61) and in tissues incubated with 
[ 3 H]choline, in which the release of radiolabeled ace- 
tylcholine was measured (62, 63). Table 6 summarizes 
the inhibitory effects of two H 3 -receptor agonists, 
namely AT-methyihistamine and the more selective 
compound (/?)-a-methylhistamine on the release of 
acetylcholine or nonadrenergic, noncholinergic 
(NANC) neurotransmitter from different areas of the 
guinea pig intestine. It can be seen that the two 
compounds have approximately the same potency in 
the different experimental models; however, it was 
demonstrated that (K)-a-methylhistamine has a 
higher degree of selectivity towards H 3 receptors (59). 
The inhibitory effect of H 3 agonists was always coun- 
teracted by the selective H 3 receptor antagonist thio- 
peramide. The pA 2 values (from 7.99 to 9.0) for this 
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Table 6. Inhibitory Effects (pD : Values) of H 3 -Receptor Agonists on Peripheral Nervous 

Tissues of Guinea Pig Intestine* 



Tissue 


e u to tra nstn itter 


jV°-MHA 


(R)-a-MHA 


Reference 


Duodenum 


ACh 


7J7 


7.76 


59 




NANC 


NT 


8.09 


60 


Jejunum 


NANC 


NT 


8.18 


60 


Ileum 


ACh 


8.77 


NT 


54. 




ACh 


NT 


7.80 


56 






NT 


7.76 


72 




NANC 


7.70 


7.60 


61 




NANC 


NT 


8.10 


60 




NANC 


8.40 


8.30 


57 


Colonic submucous 


ACh 


10 fxM 


NT 


68 


neurons 








60 


Colon 


NANC 


NT 


8.27 


Myenteric ganglia 


ACh 


8.06 


NT 


55 


Longitudinal 


ACh 


NT 


7.68 


62 


muscle myenteric 










plexust 








63 


ACh 


NT 


(10-M0- 6 M) 



/\v_ii — ai-ciyii-uuinic, i^ru^^ iiutiouivu- 

tRadiolabeled acetylcholine was measured. 



compound closely agrees with previous findings in the 
CNS (21), and they were very similar among the 
preparations tested, indicating a homogeneous pop- 
ulation of H 3 receptors in the intestinal tract. Recent 
experiments performed in our laboratory with newly 
synthesized H 3 -receptor agonists (imetit and im- 
mepip) and antagonists (clobenpropit and clophen- 
propit) seem to confirm the above data (Poli et al, 
unpublished results). 

Recently, histamine H 3 receptors were found to 
occur also in porcine small intestine, where they neg- 
atively regulate the release of 5-hydroxytryptamine 
(64). According to the authors these receptors may be 
localized directly at the enterochromaffin cells, be- 
cause the inhibitory effect of (i?)-a-methylhistamine 
was not modified by tetrodotoxin, which blocks the 
neuronal input to the enterochromaffin cells. 

Very few reports considered the role of H 3 recep- 
tors in the gastrointestinal functions of other species: 
in an extensive investigation carried out in conscious 
rats (65) with agonists and antagonists of either sub- 
type of histamine receptor, it was found that H 3 
receptors contribute only to the central regulation of 
intestinal motility by histamine. The MMC-inducing 
effect elicited by icv histamine was mimicked only by 
icv (/?)-a-methylhistamine and not by H r or H 2 - 
receptor agonists; however, the paradoxical stimula- 
tory effects on motility observed with thioperamide 
(either intraperitoneally or icv) indicate that further 
experiments with a series of selective H 3 agonists and 
antagonists are needed to clarify the role of H 3 re- 

Digestive Diseases and Sciences, Vol 40, No. 9 (September 1995) 



ceptors in the regulation of gastrointestinal motility. 
On the other hand, rat intestine was found to be 
totally unresponsive to H 3 ligands in in vitro experi- 
ments (Poli, unpublished results). 

Finally, H 3 receptor activation seems to have little 
influence on mouse gastrointestinal motility in vivo 
(66). In fact (/?)-a-methylhistamine had no effect on 
the intestinal transit of a charcoal meal and the in- 
hibitory effect induced by the nonselective histamine 
receptor agonist, N"-methylhistamine, was due to ac- 
tivation of Hi receptors. 

Very few papers considered the effects of histamine 
H 3 receptor activation on ion fluxes in intestinal mu- 
cosa. A recent study concerning histamine receptors 
on the canine proximal colonic mucosa emphasizes 
that only and H 2 receptors are involved in the 
transport of CI" ions, whereas apparently H 3 recep- 
tors are functionally absent (67). In contrast, in the 
guinea pig distal colon it was reported that histamine 
and dimaprit increased neurally evoked chloride ion 
secretion, this effect being antagonized by the H 3 
receptor agonists 7V a -methylhistamine and (R)-a- 
methylhistamine and enhanced by burimamide and 
thioperamide (68). This study also suggests the occur- 
rence of H 3 receptors in the cholinergic neurons of 
the submucous plexus and not in the colonic epithe- 
lial cells, taking into account that when neural trans- 
mission was blocked, the epithelial responses to 
secretagogues like VIP and carbachol were not mod- 
ified by H 3 receptor agonists. 
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POSSIBLE HETEROGENEITY IN H 3 RECEPTOR 
POPULATION 

In spite of the "principle of receptor parsimony", 
ie, a new receptor subtype should not be invoked until 
absolutely necessary (69), several authors have al- 
ready described the existence of different subtypes of 
H 3 receptors. An early paper on the topic was that of 
West et al (70), who showed that in rat brain homo- 
genates [ 3 H]Af a -methylhistamine was displaced bi- 
phasically by thioperamide and burimamide, and they 
termed the high-affinity site as "H 3A " and the low- 
affinity site "H 3B ." Further studies also considered the 
relative activity of a series of H 3 receptor antagonists. 
Results so far obtained indicated that mouse and rat 
brain cortex contain the H 3A subtype (71, 72). The 
same may be said for the guinea pig ileum (72), even 
though other authors do not agree with this assump- 
tion (73). On the other hand in the guinea pig sym- 
pathetic postganglionic nerve terminals, histamine re- 
ceptors seem to belong to the H 3B subtype (74). 
Finally a subpopulation that seems to be actually 
different from H 3A and H 3B has been detected in 
porcine enterochromaffin cells. The above distinction 
was based on the different activity of thioperamide, 
burimamide, and impromidine (75). It is obvious that, 
before accepting the above subclassification, the 
availability of really selective antagonists of each sub- 
type would be necessary. Moreover, the influence of 
different experimental models, different species, and 
kinetic factors should also be considered. 

SIGNAL-TRANSDUCING MECHANISMS 
COUPLED TO HISTAMINE H 3 RECEPTORS 

Relatively little information is available regarding 
the molecular events following activation of H 3 re- 
ceptors. The inhibition of adenylate cyclase seems to 
be unlikely, as suggested by experiments in the CNS 
(76), guinea pig duodenum (77), human fundic 
glands, and human gastric tumoral cell line HGT-1 
(78). In this last model H 3 receptors were reported to 
be negatively coupled with phosphatidylinositol me- 
tabolism (79); however, this was not confirmed in the 
guinea pig ileum (63). Like many other prejunctional 
inhibitory receptors, histamine H 3 receptors could be 
directly coupled, via a G protein, to Ca 2+ and/or K + 
channels (80). Previous observations in the rat CNS 
showed that the effects mediated by H 3 receptors are 
inversely related to extracellular Ca 2+ concentration 
and to the frequency of stimulation (81, 82); both 
these findings are compatible with the concept that 
H 3 receptors may decrease the intraneuronal avail- 



PTX BAY K 8644 




NtF 



► STIMULATION 

II INHIBITION 

Fig 2. Scheme illustrating the regulation of neurotransmitter (NT) 
release through histamine H 3 receptors in the intestine. The acti- 
vation of this receptor by (/?)-a-methylhistamine (MHA) can re- 
duce the voltage-dependent Ca 2+ influx through N-rype Ca 2+ 
channels. A pertussis toxin (PTX) -sensitive guanine nucleotide 
regulatory binding (G) protein can be involved in the transduction 
mechanism. CTX = a>-conotoxin (selective N-type channel block- 
er); NIF = nifedipine (selective L-type channel blocker). 

ability of Ca 2H " ions. Indeed, an extensive investiga- 
tion performed in our lab in the guinea pig duodenum 
(83) indicates that H 3 receptor-mediated inhibition of 
acetylcholine release is enhanced in low Ca 2+ me- 
dium and markedly reduced in high Ca 2+ medium or 
when intracellular Ca 2+ concentration is increased by 
compound Bay K 8644. Thus H 3 -mediated effects 
seem to be associated with a restriction of Ca 2+ ion 
access into the nerve terminals; moreover, experi- 
ments with co-conotoxin indicate that neuronal N-type 
Ca 2+ channels are involved (Figure 2). In fact the 
L-type Ca 2+ channel antagonist nifedipine did not 
modify the inhibitory effect of (7?)-a-methylhistamine. 
The same mechanism has been reported to explain 
H 3 -mediated inhibition of noradrenaline release in 
the guinea pig heart (84) and in the mouse brain (85). 
An alternative hypothesis might be that H 3 receptors 
are primarily coupled with hyperpolarizing K + chan- 
nels, with consequent reduction in Ca 2+ entry into the 
nerve terminal. However, the effect of (R)-a- 
methylhistamine was not modified in low K + me- 
dium; in this experimental condition, which enhances 
K + currents, the effects of receptor systems positively 
coupled with K + channels should be enhanced. More- 
over, the effect of the H 3 agonist was already blocked 
by micromolar concentrations of the K + channel 
blocker 4-aminopyridine, concentrations which di- 
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rectly activate Ca 2+ channels. Thus a primary activa- 
tion of K + channels following H 3 receptor activation 
seems to be unlikely (83, 85). 

Several papers reporting both binding and func- 
tional data support the concept that the signal trans- 
duction at H 3 receptors is mediated by a GTP regu- 
latory binding protein (77, 79, 81, 84, 86). This was 
based on the inhibitory effect of the pertussis toxin 
and on the regulation of [ 3 H](7?)-a-methylhistamine 
binding by GTP analogues. Thus the H 3 receptor 
seems to belong, as do the and H 2 receptors, to the 
superfamily of receptors with seven transmembrane 
domains and coupled to G proteins. However, in 
contrast to the other histamine receptor subtypes that 
have been recently cloned (87, 88), the molecular 
structure of the histamine H 3 receptor is still to be 
elucidated. 

GENERAL CONCLUSIONS AND PERSPECTIVES 
FOR THE FUTURE 

In the recent years a growing body of evidence has 
accumulated that histamine has multiple localizations 
and multiple roles, apart from the one played in the 
acid secretion process. The discovery of histamine H 3 
receptors and the availability of selective agonists and 
antagonists clearly reemphasize the role of histamine 
in all gastrointestinal functions. So far the major role 
of this new receptor subtype seems to be that of a 
"braking" mechanism, which operates when gastroin- 
testinal functions are overstimulated by histamine or 
other mediators released in physiopathological con- 
ditions. A better understanding of the function of H 3 
receptors could improve the knowledge of the role of 
histamine as both neuro- and immunomodulator in 
the gut. Furthermore, more and more selective H 3 
ligands could represent a novel class of therapeutic 
agents for the treatment of deranged gastrointestinal 
functions. 
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ABSTRACT 

BP 2-94 is an azomethtne prodrug of (fl)-a-methylhistamine 
[(ft)-a-MeHA], a potent and selective histamine H 3 -receptor 
agonist. When administered orally to mice BP 2-94 was distrib- 
uted to various peripheral tissues where it released the active 
drug. BP 2-94 displayed anti-inflammatory and antinociceptive 
properties in mice. It dose-dependently inhibited carrageenan- 
induced paw edema with an ED 50 value of 0. 1 7 ± 0.05 /imol/kg 
(p.o.) and a maximal effect of 47%. It also reduced Freund's 
complete adjuvant-induced paw edema in preventive as well as 
in curative fashion. Repeated oral administrations of BP 2-94 
reduced the pre-established Freund's complete adjuvant-in- 
duced edema with an ED 50 value of 5 ± 2 /xmol/kg (p.o.) and a 
maximal effect of 47%. The antiedema effects of BP 2-94 and 



indomethacin were additive. BP 2-94 was also efficient in re- 
ducing cyclophosphamide-induced cystitis in mice: it de- 
creased leukocyte infiltration by 62% and plasma protein ex- 
travasation by 73% in urinary bladder. In addition, BP 2-94 
displayed antinociceptive activity in the capsaicin-induced lick- 
ing test via H 3 -receptor stimulation. Its antinociceptive effect 
was dose dependent, occurring with an ED 50 value of 0.4 ± 0.1 
fLinol/kg (p.o.) and a maximal reduction of licking duration by 
69%. No tolerance to the antinociceptive effect was observed 
after repeated administration of BP 2-94 for 3 days. These 
observations with BP 2-94. suggest that H 3 -receptor agonists 
might represent a novel class of anti-inflammatory and antino- 
ciceptive agents. 



Histamine (HA) mediates its action via three distinct mo- 
lecularly and/or pharmacologically well-defined receptor sub- 
types H x , H 2 , and H 3 (for review, see Schwartz et al., 1991, 
1995; Hill et al., 1997). The H 3 receptor has been character- 
ized in brain as a widely distributed prejunctional autorecep- 
tor inhibiting the synthesis and/or release of HA itself 
(Arrang et al., 1983) as well as of neurotransmitters in ad- 
renergic, cholinergic, nonadrenergic noncholinergic, dopami- 
nergic, and serotonergic fibers (for review, see Schlicker et 
al., 1994). The H 3 receptor also plays an inhibition modula- 
tory role in peripheral neurotransmission. Its stimulation 
inhibits vagal cholinergic transmission in the ileum (Trzecia- 
kowski, 1987; Hew et al., 1990) and the airways (for review, 
see Barnes, 1992) and reduces plasma protein extravasation 
induced by sensory C fibers stimulated either electrically or 
by capsaicin (for review, see Leurs et al., 1998). In addition, 
H 3 receptor-mediated inhibitions of gastric acid secretion 
induced either by gastrin or vagal stimulation (Bertaccini 
and Coruzzi, 1995; Soldani et al., 1996), inhibitions of gastric 
mucosal injury induced by nonsteroidal anti-inflammatory 
drugs, cold/restraint stress or ethanol (Belcheva et al., 1997, 
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Morini et al., 1996, 1997), and indirect inhibition of mast cell 
activity (Dimitriadou et al., 1994, 1997) were reported. 

Recently the prototypical agent (i?)-a-methylhistamine 
[CR)-a-MeHA], a selective and potent H 3 -receptor agonist (Ar- 
rang et al., 1987), was shown to be extensively methylated by 
histamine Af-methyltransferase, rapidly leading to an inac- 
tive metabolite (Rouleau et al., 1997). This inactivation pro- 
cess is particularly important in human in which higher 
hepatic histamine-Af-methyltransferase activity was de- 
tected compared with rat (Brown et al., 1959; Hesterberg et 
al., 1984). The design of BP 2-94, an azomethine prodrug of 
(i?)-a-MeHA (Krause et al., 1995), allowed to minimize the 
methylation of the imidazole ring of the agonist and thereby 
markedly improve its oral bioavailability and kinetics in 
human (Rouleau et al., 1997). 

In rodents BP 2-94 was shown to inhibit plasma protein 
extravasation induced by capsaicin in a large variety of tis- 
sues, to display antinociceptive effects in the phenylbenzo- 
quinone-induced writhing or formalin tests, and to reduce 
zymosan-induced paw swelling (Rouleau et al., 1997). In 
addition BP 2-94 reduced gastric mucosal lesions induced by 
ethanol, aspirin, indomethacin, or stress (Morini et al., 1996, 
1997; Belcheva et al., 1997). The major aim of the present 
work was to further explore the anti-inflammatory and an- 



ABBREVIATIONS: HA, histamine; (R)-a-MeHA, {ft)-a-methylhistamine; FCA, Freund's complete adjuvant; HTAB, hexadecyltrimethylammonium 
bromide; MPO, myeloperoxidase; NK, neurokinin. 
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tinociceptive profile of the H :1 -rcceptor agonist by using a 
larger variety of tests in mice. 

Materials and Methods 

Animals. Male Swiss mice (25-30 g; Iffa-Credo, L'Arbresle, 
France) were used for all experiments. Food and water were given ad 
libitum. 

Distribution of BP 2-94 and (/2)-a-MeHA in Mouse Tissues 
after Oral Administration of BP 2-94. Mice received BP 2-94 (24 
/imol/kg) or its vehicle orally. They were sacrificed by decapitation at 
various times, blood was collected, centrifuged (15,000# for 1 min). 
and the supernatant was brought up to a final concentration of 0.4 N 
HC10 4 . Cerebral cortex, lung, liver, and kidneys were dissected out 
rapidlv and homogenized in 10 volumes (w/v) of ice-cold 0.4 N I1C10 4 . 
Plasma and tissue extracts were then centrifuged. and the clear 
supernatant was used for assay immediately or stored at -20°C. BP 
2-94 and (J?)-a-MeHA levels were measured by radioimmunoassay as 
described {Rouleau et al.. 1997). Briefly, before use one aliquot of the 
HC10< extracts was heated at 95°C for 30 min to allow total in vitro 
hydrolysis of the prodrug, and another one was used without heat- 
ing. (J?)-cr-MeHA was derivatized and then radioimmunoassayed in 
the nonheated and heated extracts. The level of BP 2-94 was calcu- 
lated as the difference between these two determinations. The 
plasma and tissues of non treated mice also were assayed to estimate 
the interference of plasma and tissues in the R1A for (i?)-a-MeHA. 
The determinations of (tf)-a-MeHA for treated mice were then cor- 
rected accordingly. 

Freund's Complete Adjuvant (FCA)-Induced Paw Edema. 
Inflammation of one hind paw of mice was induced by intraplantar 
injection under ether anesthesia of 10 fd of modified FCA, containing 
0.1% heat-sacrificed and dried Mycobacterium butyricum in 85% 
Drakeol 5 NF and 15% Arlacel A (Stein et al., 1988). Control animals 
were anesthetized but not injected. Mice were sacrificed at various 
times after the injection of the inflammatory agent, both hind paws 
were cut off at the ankle and the difference between their weights, 
representing paw swelling, was calculated. Each hind paw was then 
put into 4 ml of 50 mM potassium phosphate buffer, pH 6.0, contain- 
ing 0.5% hexadecyl-trimethylammonium bromide (HTAB), and ho- 
mogenized with a Polytron. Homogenates were stored at -20°C until 
myeloperoxidase (MPO) activity assay. The preventive effect of an 
acute administration of BP 2-94 was first studied. BP 2-94 (16.4 
/imol/kg) or its vehicle was orally administered 1 h before FCA 
injection, and the time course of its anti-inflammatory effect was 
determined during the next 16 h. The effect of BP 2-94 (16.4 jimol/kg) 
also was studied in the presence of indomethacin administered orally 
at increasing dosages (0.6-28 fanol/kg) (Chan et al., 1995J. Next, the 
curative effect of repeated administrations of BP 2-94 was evaluated. 
Mice were injected with FCA, and 16 to 18 h thereafter, they received 
orally BP 2-94 or its vehicle b.i.d. during a period varying from 1 to 
9 days. The effect of 3-day repeated administrations of BP 2-94 (16.4 
jitmol/kg p.o., b.i.d.) was then compared with the effect of 3-day 
repeated administrations of indomethacin (8.4 n-mol/kg p.o., b.i.d.), 
dexamethasone (7.6 jimol/kg p.o., b.i.d.) (Gegout et al., 1995), or 
RP67580 (0.7 ^mol/kg i.v. ( b.i.d.), a neurokinin (NKVreceptor an- 
tagonist (Garret et al., 1991). The effect of BP 2-94 (3-day repeated 
administrations) in association with indomethacin in increasing 
doses (0.8-28 fimol/kg p.o., b.i.d.) also was studied (Gans et al., 
1990). 

MPO Activity. Changes in MPO activity represent a reliable 
index of polymorphonuclear leukocyte infiltration in the inflamed 
paw (Bradley et al., 1982). Therefore, paw homogenates were freeze 
thawed three times and centrifuged to collect the supernatant that 
was used for MPO activity assay adapted to a 96-well plate format 
(Rao et al., 1994). Briefly, 10 jj.1 of unknowns or human neutrophil 
MPO standards were added to a 96-well plate. The reaction was 
initiated by the addition of 200 yl of assay buffer containing 0.167 
mg/ml o-dianisidine and 0.0005% hydrogen peroxide and absorption 



measured at 405 nm (Spectrophotometer Dynatech, MR5000). Re- 
sults are expressed as the difference in MPO activity between the 
two hind paws. 

Carrageenan-Induced Paw Edema. Paw swelling was elicited 
with 25 of 0.5% lambda carrageenan suspension in saline into the 
right hind paw (Drelon et al., 1994). The left hind paw was injected 
with 25 y\ of saline. BP 2-94 at increasing doses and indomethacin 
(28 ^mol/kg) were administered 1 h before the injection of the car- 
rageenan suspension. Paw edema and MPO activity were measured 
as described above, 6 h after the induction of the inflammation. 

Cyclophosphamide-Induced Cystitis. At various times after 
cyclophospha-mide injection, plasma protein extravasation and MPO 
activity were evaluated. For that, one group of mice was anesthetized 
with pentobarbital (10 mg/kg i.p.), injected with Evans blue dye (30 
mg/kg i.v.), and sacrificed 30 min thereafter. The urinary bladder 
was dissected out. immersed into 0.4 ml of formamidc. and main- 
tained at 45°C for 18 h. The extracted dye concentration was mea- 
sured by spectrophotometry at 630 nm (Dynex, MRX). Another group 
of mice was sacrificed and the urinary bladder was dissected out and 
homogenized in 0.4 ml of phosphate buffer (50 mM, pH 6) containing 
0.5% HTAB and the resulting homogenates were frozen until MPO 
assay. Changes in MPO activity also were evaluated 5 h after cyclo- 
phosphamide was administered in increasing doses. The H 3 -agonist 
prodrug BP 2-94 (33 jimol/kg p.o.) or its vehicle was administered to 
mice 1 h before cyclophosphamide and blue Evans content and MPO 
activity were evaluated 3 and 5 h later, respectively. 

Capsaicin-Induced Licking. The capsaicin test was performed 
according to Sakurada et al. (1992). BP 2-94 or vehicle was given 
orally 1 h before capsaicin injection. After 30 min, mice were placed 
individually in transparent cages (26 x 16 x 14.5 cm) that served as 
the observation chambers. After a 30-min adaptation period, mice 
received a 20 /xl- injection of capsaicin (1.5 ng in saline with 7.5% 
dimethyl sulfoxide) under the skin of the dorsal surface of the right 
hind paw. When required, ciproxifan (37 jimol/kg) (Ligneau et al., 
1998) was orally administered 1 h before BP 2-94 (1 /imol/kg). The 
observation period started immediately after the capsaicin injection 
and lasted for 5 min. The time the animals spent licking the injected 
paw was evaluated by using a stopwatch. 

Analysis of Data. For the determination of ED 50 (dose responsi- 
ble for 50% of the maximal effect) and maximal effect, inhibitory 
effects of drugs were analyzed by using an iterative computer least- 
squares method derived from that of Parker and Waud (1971), with 
the following nonlinear regression: 

Inhibitory effect of the drug 

[ma ximal inhibitory effect of the drugl x [drug dose] 
= [drug dose] + ED 50 

Statistical analyses were by one-way ANOVA followed by Student- 
Newman-Keuls or Tukey-Kramer's post test. 

Drugs and Drug Solutions. BP 2-94 and ciproxifan were from 
Laboratoire Bioprojet (Paris, France). HTAB, o-dianisidine, A-carra- 
geenan, capsaicin, cyclophosphamide, indomethacin, and dexameth- 
asone were from Sigma Chemical Co. (St. Louis, MO). For oral 
administration to animals BP 2-94, indomethacin and dexametha- 
sone were dissolved into 1% methylcellulose plus 5% dimethyl sul- 
foxide. RP67580, a kind gift of C. Garret (Rhone-Poulenc Rorer, 
Vitry, France), was dissolved in saline. Human neutrophil MPO and 
FCA were from Calbiochem (La Jolla, CA). All other reagents were 
from commercial sources and were of the highest purity available. 

Results 

Distribution of BP 2-94 and (J?)-o>MeHA in Mouse 
Tissues after Oral Administration of BP 2-94. After oral 
administration of BP 2-94 to mice, both the prodrug and the 
active drug (i?)-a-MeHA were detected in plasma and various 
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tissues. Figure 1 shows the fits of concentration versus time 
profile. The levels of both compounds peaked at 1 h and then 
declined with a half-life of around 1 h. Similar (#)-<*-MeHA 
levels were reached in lung and plasma, whereas levels in 
liver and kidney were twice as high and hardly detectable in 
cerebral cortex idata not shown). 

Effects of BP 2-94 on FCA-Induced Paw Edema. After 
preliminary trials a dose of 10 /xl FCA was selected and its 
proinflammatory effects were studied in mice. Swelling of the 
injected paw was apparent as soon as 1 h after treatment 
with FCA. The edema increased slightly until 24 h and then 
slowly subsided, but it was still important at the end of the 
9-day observation period (Fig. 2). Changes in MPO activity 
followed almost the same pattern fdata not shown). The 
FCA-induced paw swelling was reduced by about 50% during 
at least 16 h in mice receiving BP 2-94 (16.4 /xmol/kg p.o.) 1 h 
before FCA (Fig. 2A). BP 2-94 also reduced paw swelling (by 
34-45%) when its chronic administration (16.4 /imol/kg p.o., 
b.i.d.) started 16 h after the FCA injection, i.e., at a time 
when the inflammation was firmly established (Fig. 2B). 
However, BP 2-94 did not affect the FCA-induced increase in 
MPO activity, whatever its time of administration (data not 
shown). 

Repeated administrations of BP 2-94 twice a day for 3 
days, starting 16 h after the FCA injection, decreased in a 
dose-dependent manner the FCA-induced edema with an 
ED 50 of 5 ± 2 /j.mol/kg (b.i.d.) and a maximal effect of 47% 
(data not shown). The maximal effect of BP 2-94 was close to 
that of RP67580, whereas indomethacin and dexamethasone 
in maximal doses elicited a higher anti-inflammatory effect, 
decreasing paw swelling by 70 and 64%, respectively (Fig. 3, 
top). Higher doses of RP67580 did not display any higher 
inhibitory effect (data not shown). In addition, only indo- 
methacin and dexamethasone were efficient in reducing neu- 
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Fig. 2. Anti-inflammatory effect of BP 2-94 on FCA-induced paw edema 
in mice. A 7 animals were given vehicle (■) or BP 2-94 (16.4 /xmol/kg p.o J 
(• or ▲) once I h before unilateral intraplantar FCA injection into the 
hind paw. B, same treatments were given b.i.d. starting from 16 h after 
FCA. Control animals (□) were anesthetized but not injected. Mice were 
sacrificed at indicated times after the FCA injection, both hind paws cut 
off at the ankle, and the difference between their weights calculated. "P < 
.05, **P < .01. Mean ± S.E. of 3 to 10 values. 

trophil infiltration evaluated by the increase in MPO activity 
(Fig. 3, bottom). 

When BP 2-94 was coadministered with indomethacin in 
increasing doses, either preventively in single administration 
or curatively in a repeated manner, the anti-inflammatory 
effects of the two drugs seemed to be additive for nonmaximal 
doses of indomethacin. However, BP 2-94 (16.4 p,mol/kg once 
or b.i.d. for 3 days) did not increase the maximal effect of 
indomethacin (28 /xmol/kg once or b.i.d. for 3 days) (Fig. 4). 

Effects of BP 2-94 on Carrageenan-Induced Paw 
Edema. After preliminary trials the rat test (Drelon et al., 
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Fig. 1. Tissue and plasma levels of BP 2-94 and 
(/?)-a-MeHA immunoreactivities in mice receiving 
BP 2-94. Groups of four mice were sacrificed at 
various times after oral administration of BP 2-94 
(24 fimol/kg). (fi)-a-MeHA was radioimmunoas- 
sayed in tissue and plasma extracts before and 
after hydrolysis of BP 2-94 into (i?)-a-MeHA. BP 
2-94 level was calculated as the difference be- 
tween these two values. 
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Fig. 3. Effects of repeated administrations of indomethacin, dexametha- 
sone, BP 2-94, and RP67580 on FCA-induced paw inflammation in mice. 
Mice were given 16 h after unilateral FCA injection, indomethacin (Indo, 
8.4 jimol/kg p.o.), dexamethasone (Dexa, 7.6 jimol/kg p.o.). BP 2-94 (16.4 
/i.mol/kg p.o.), RP67580 (0.7 jimol/kg i.v.), or vehicle twice a day. Animals 
were sacrificed after 3 days of treatment and differences in paw weight 
(top) and MPO activity (bottom) determined. *P < .01; **P < .001. 
Mean ± S.E. of 10 to 20 values. 

1994) was adapted to mice. Administration of 25 /xl of 0.5% 
carrageenan was selected out and found to induce a moderate 
inflammation with a maximal edema peaking at 6 h (data not 
shown). Administered orally 1 h before carrageenan, BP 2-94 
decreased in a dose-dependent manner the carrageenan-in- 
duced paw swelling measured at 6 h with an ED 50 of 0.17 ± 
0.05 /xmol/kg and a maximal reduction of 47%, similar to that 
elicited by a maximal dose of indomethacin (28 ^mol/kg) (Fig. 
5), but BP 2-94 had no effect on MPO activity (data not 
shown). 

Effects of BP 2-94 on Cyclophosphamide-Induced 
Cystitis in Mice. The rat test (Lanteri-Minet et al. t 1995) 
was adapted to mice. Cyclophosphamide (100 mg/kg i.p.) 
induced plasma protein extravasation in urinary bladder as 
well as leukocytes infiltration evidenced by an increase in 
MPO activity, starting 3 h after injection and still present 8 h 
thereafter. In contrast significant plasma protein extravasa- 
tion was detected as soon as 1 h after the injection and 
persisted for at least 5 h thereafter (Ahluwalia et al. f 1994) 
(Fig. 6). From these observations, the times of 3 and 5 h after 
cyclophosphamide injection were chosen for measurement of 
plasma protein extravasation and MPO activity, respec- 
tively. The effect of cyclophosphamide-induced enhancement 
of MPO activity was dose related, a maximal effect being 
obtained with a dose of 200 mg/kg (data not shown). BP 2-94 
(33 /Amol/kg p.o.) administered 1 h before cyclophosphamide 
(200 mg/kg) reduced MPO activity by 62% (485 ±114 versus 
186 ± 56 milliunits/bladder for vehicle and BP 2-94-treated 
mice, respectively) (Fig. 7). The amount of Evans blue dye in 
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Fig. 4. Additive effects of BP 2-94 and indomethacin on FCA-induced paw 
edema. Top (single administration), mice were given BP 2-94 (16.4 
H-mol/kg p.o.) or its vehicle together with increasing doses of indometha- 
cin (0.6-28 /imol/kg p.o.) 1 h before FCA injection and sacrificed 4 h after. 
Bottom (repeated administration), same treatments as top but b.i.d. for 3 
days, starting from 16 to 18 h after FCA injection. *P < .05; **P < .01; 
***P < .001; a, as compared with controls without indomethacin; b, with 
indomethacin alone (at the same dose); or c, with BP 2-94 alone. Means t. 
S.E. of 13 to 17 values. 0, indomethacin; ■, indomethacin + BP 2-94. 
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Fig. 5. Effects of BP 2-94 on carrageenan-induced paw edema. BP 2-94 in 
increasing doses or indomethacin (28 ^mol/kg) were administered orally 
1 h before the injection of the carrageenan suspension. After 6 h, animals 
were sacrificed and paw edema was determined. *P < .01; **P < .001. 
Mean ± S.E. of 8 to 43 values. 

urinary bladder was increased by 186% 3 h after cyclophos- 
phamide injection, and pretreatment with BP 2-94 (33 
^mol/kg p.o.) reduced this response by 73% (Fig. 7). 

Antinociceptive Activity of BP 2-94. The duration of 
licking induced by capsaicin was significantly reduced in 
mice receiving BP 2-94 orally. The antinociceptive activity of 
the compound was dose related and occurred with an ED 50 of 
0.4 ±0.1 /xmol/kg and a maximal reduction of the licking 
duration by 69% (Fig. 8). 

The antinociceptive effect of BP 2-94 (1 jxmol/kg) was abol- 
ished by previous administration of ciproxifan (37 /xmol/kg), 
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Fig. 6. Time course of cyclophosphamide-indviced plasma protein extrav- 
asation and MPO activity in urinary bladder. Cyclophosphamide (.100 
mg/kg i.pj was injected to groups of mice. One group of animals was 
anesthetized with pentobarbital (10 mg/kg i.p.i, received an injection of 
Evans blue dye (30 mg/kg i.v.), and was sacrificed 30 min later; the 
urinary bladder was dissected out and dye extracted and measured. The 
other group was sacrificed at indicated times, the urinary bladder dis- 
sected out, and MPO activity determined. 




Fig. 7. Effects of BP 2-94 on cyclophosphamide-induced cystitis. Cyclo- 
phosphamide (200 mg/kg i.p.) was injected 1 h after BP 2-94 (p.o.) or its 
vehicle. One group of mice was injected with Evans blue (30 mg/kg i.v.) 
2.5 h after cyclophosphamide injection and plasma protein extravasation 
in urinary bladder was evaluated 30 min later. A second group was 
sacrificed 5 h after cyclophosphamide injection, the urinary bladder dis- 
sected out for MPO activity assay. ***P < .001 with control; + P < .05; 
**P < .01 with cyclophosphamide. Mean ± S.E. of 9 to 29 values. □, 
control; ■, cyclophosphamide; 0, cyclophosphamide + BP 2-94. 

a selective H 3 receptor antagonist (Table 1). Ciproxifan alone 
did not change the duration of licking. BP 2-94 (1 jxmol/kg) 
administered 1 h before capsaicin elicited a similar effect in 
mice pretreated for 3 days with BP2-94 (1 jxmol/kg p.o., 
b.i.d.) or with its vehicle (Table 1). 



Discussion 

The present report confirms and extends to several novel 
tests our initial report that a potent histamine H 3 -receptor 
agonist exerts both anti-inflammatory and antinociceptive 
effects. The compound studied, BP 2-94, is a prodrug of 
CRJ-cr-MeHA, which releases it by nonenzymatic hydrolysis 
(Rouleau et al., 1997). With a radioimmunoassay to measure 
(i?)-a-MeHA levels in tissues before and after heat-induced 
hydrolysis in vitro, both the prodrug and drug levels could be 
reliably detected in all tissues tested. After oral administra- 
tion of BP 2-94, levels of both compounds in mouse tissues 
were generally higher than in plasma, being maximal after 
1 h but still detectable after 9 to 16 h. In brain, however, 
neither the prodrug nor (R)-a-MeHA could be detected. 

We show herein that administration of the histamine H 3 - 
receptor agonist significantly reduced the paw edema in- 
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Fig. 8. Antinociceptive effect of BP 2-94 in the capsaicin test. Capsaicin 
(1.5 /ig in 20 n-D was injected under the skin of the dorsal surface of the 
right hind paw 1 h after BP 2-94 (p.o.) or its vehicle. The duration of 
licking was measured for 5 min immediately after capsaicin injection. 
*P < .01; **P < .001. Means ± S.E. of 4 to 36 values. 

TABLE 1 

Antinociceptive activity of single or repeated BP 2-94 administration 
on capsaicin-induced licking 

Groups of 8 to 13 mice received BP 2-94 (1 fimol/kg p.o.) 1 h before capsaicin and/or 
ciproxifan (37 nmol/kg p.o.) 2 h before capsaicin. In B, the effects of repeated 
treatments with BP 2-94 (1 jimol/kg p.o., b.i.d.) or saline for 3 days before the test 
were investigated. 



Treatment 



Lickings) 



A) Saline 
BP 2-94 
Ciproxifan 

BP 2-94 + ciproxifan 

B) Saline 

BP 2-94 (single administration) 
BP 2-94 (repeated administration) 



71.0 ± 4.6 
26.9 ± 5.1** 
64.3 ± 8.5 
65.5 ± 3,8* 
56.8 r 7.5 
26.7 ± 4.4* 
20.2 ± 2.9** 



* P < .01; ** P < .001 compared with saline; + P < .001 compared with BP 2-94 
alone. 



duced by intraplantar administration of either FCA or car- 
rageenan, a similar edema-preventing effect having been 
previously shown to occur against zymosan (Rouleau et al., 
1997). In all three tests, the anti-inflammatory activity of BP 
2-94 occurred at low oral dosage (^1 /imol/kg), and the re- 
duction of FCA-induced edema occurred when BP 2-94 was 
administered in either a preventive or a curative manner. 

Studies of the mediators involved in the edema induced by 
carageenan have suggested that there are distinct phases in 
the inflammatory effects of this agent. The first ones, taking 
place during the first 2 h, involve histamine and kinins as 
mediators, whereas from 2.5 to 6 h after the injection, pros- 
taglandins seem to be involved (Di Rosa, 1972). The edema- 
preventing effect of the H 3 -receptor agonist was observed 
during this prostaglandin-mediated phase along which the 
vascular response and polymorphonuclear cell infiltration 
reach their maximum. However, the edema-preventing effect 
of BP 2-94 in the carageenan, zymosan, and FCA tests was 
not accompanied by any significant attenuation of polymor- 
phonuclear cell infiltration, as assessed by changes in myelo- 
peroxidase activity. In contrast, steroidal and nonsteroidal 
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inflammatory drugs appear to affect both parameters of in- 
flammation in these three models, as shown herein in the 
case of the FCA model, whereas in this respect, an Non- 
receptor antagonist displayed a pattern similar to that of BP 
2-94 (Fig. 3). Interestingly the maximal-preventing efTects of 
the H. r receptor agonist on edema were similar to those of 
indomethacin in the carageenan model, but somewhat lower 
in the FCA model. In addition, in the latter model the anti- 
inflammatory efTects of the two drugs appeared additive, 
whatever the dose of indomethacin, consistent with their 
distinct action mechanisms. Because the anti-inflammatory 
efficacy of cyclooxygenase inhibitors in either experimental 
models or in human therapeutics is limited, presumably as a 
result of the participation of multiple mediators in inflam- 
matory responses, combination of drugs having distinct 
mechanisms of actions seems a rational approach as long as 
tolerance is not compromised. 

It seems likely that these anti-inflammatory responses to 
BP 2-94, characterized by a predominant effect upon local 
edema, are related to the prevention of plasma protein ex- 
travasation resulting from the inhibition of tachykinin re- 
lease. In agreement, stimulation of presynaptic H 3 -heterore- 
ceptors on capsaicin-sensitive sensory nerves inhibits 
tachykinin release and neurogenic plasma leakage in a vari- 
ety of tissues (Ichinose et al., 1990; Ohkubo et al., 1995; 
Rouleau et al., 1997). 

The marked anti-inflammatory and antinociceptive efTects 
of BP 2-94 on the two other tests used in the present study 
are also in agreement with such a postulated mechanism. In 
the cyclophosphamide-induced cystitis, a mouse model that 
we have adapted from the rat model (Lanteri-Minet et al., 
1995), the H 3 -receptor agonist significantly attenuated not 
only plasma protein extravasation but also the increase in 
myeloperoxidase activity in the inflamed bladder. The exis- 
tence of a major capsaicin-sensitive component in the plasma 
protein extravasation induced by acrolein, the active metab- 
olite of cyclophosphamide, was demonstrated, namely, via 
the use of capsaicin-induced desensitization and an NK r 
receptor antagonist (Ahluwalia et al., 1994). The reasons for 
which BP 2-94 reduced cyclophosphamide-induced polymor- 
phonuclear influx into bladder, whereas it does not affect this 
parameter in the inflamed paw in the other models, are not 
known. 

In the capsaicin-induced licking the antinociceptive activ- 
ity of BP 2-94 can obviously be ascribed to an H 3 -receptor- 
mediated attenuation of primary sensory C-fiber excitation 
by the pungent principle of hot peppers. Indeed, in this test 
the nociceptive response is inhibited by intrathecal adminis- 
tration of Substance P antagonists or antibodies (Sakurada 
et al., 1992). However, the fact that BP 2-94 hardly enters the 
brain and displays activity in "peripheral" but not "central" 
tests of nociception suggests that it acts via peripheral H 3 - 
receptors depressing the afferent activity of primary sensory 
neurons. 

All together, the present observations confirm that BP 2-94 
exerts clear anti-inflammatory and antinociceptive activities 
in animal models. As potential anti-inflammatory and anal- 
gesic drugs, Hg-receptor agonists theoretically display their 
advantage over NK^ (or NKj) antagonists of reducing the 
release not only of tachykinins (acting upon various receptor 
subtypes) but also of other proinflammatory mediators of the 
sensory fibers such as calcitonin-gene-related peptide, hence 
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a potentially wider therapeutic spectrum. As compared with 
nonselective cyclooxygenase inhibitors, they display the ad- 
vantage of lacking ulcerogenic activity and, even more, of 
displaying gastric mucosa protective ability (Morini et al., 
1996, 1997; Belcheva et al., 1997), but they appear to have a 
more restricted anti-inflammatory spectrum. Compared with 
selective cyclooxygenase-2 inhibitors, only the more re- 
stricted anti-inflammatory spectrum can be invoked, but ad- 
ditive efTects of potential therapeutic interest may be antic- 
ipated from the combination of the two classes of drugs. 
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X T M^hylhistamine [fflja-MeHA], a potent and selective his- 
tamine H receptor agonist in vitro and m vivo in rodents, was 
ound to'dTsplay comparatively low plasma level ,n heathy 
human volunteers, attributable to an extenstve methylation of 
^^KridazcJe ring by histamine-N-methy trans erase To 
nmit this inactivation process, BP 2-94, i.e., W-)-2-ttN-[1-(1H- 

Sed as a prodrug A sensitive radioimmunoassay was devel- 
ooed to study the generation of (Rja-MeHA slowly released 
torn BP 2-94 I vitro and in vivo by chemical hydrolysis. In mice 
IZr oral admNstration of BP 2-94 high levels of both prodrug 
SdV^-MeHAwere detected in plasma and various tissues 
except in the brain. In humans receiving 0.1 mmol BP 2 94 
S olasma levels of (flJa-MeHA-like immunoreactivity de- 
cayed S a Ml more than 24 hr, the area under the curve 



being two orders of magnitude higher than after oral adminis- 
tration of (R)a-MeHA. BP 2-94 displayed antiinflammatory and 
an S ep ive properties in rodents, related to the H 3 receptor 
stimulation It dose-dependently inhibited capsa«.n-.nduc^ 
pasma protein extravasation in many rat tissues with ■ ED s of 
n 6 to 14 umol/kg p.o., and maximal reductions by 35 to 87 A. 
BP 2-94 also reduced zymosan-induced paw swelling in mice 
w"h 2 an ED of 1 ,mol/kg p.o. and ^^ 0 £"H 
the ohenvlbenzoquinone-induced writhing (ED 50 - 0.03 fimoi/ 
kg S or formalin tests in mice, but not in the hot ptatejump 
test From its pharmacokinetics and pharmacological profile BP 
2-94 Spears to be a promising novel therapeutic agent in 
disorders such as asthma, migraine or a variety of inflammatory 
diseases and pain associated with these disorders. 



The HA H, receptor mediates presynaptic inhibition of 
neurotransmitter release on a variety of neuronal systems an 
the central and peripheral nervous system (Schwartz etal 
1990a b, 1991). Initially characterized as an autoreceptor 
controlling HA synthesis in and release from ^ ^ 
beromammillary neurons (Arrange* al ^OT it tar^a 

out afterward to mediate h*r*^ K ^S n £fS 
of several aminergic transmitters in brain (Clapham and 
MpatrLk, 1992; Schlicker et al., 1988, 1989 1993). 

In addition, H 3 receptor stimulation was shown to inhibit 
vald cho ine^gic transmission in the ileum (Trzeciakowski 
IhIt- Hew et al, 1990) and the airways (Ichinose and 
Barnes. 1989a; Ichinose et al., 1989) and to reduce plasma 



f5^S?S5W2; mcLdica, and Heaith Research Pro- 
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protein extravasation induced in the airways (Ich nose etai 
1990- Barnes, 1992) or meninges (Matsubara et al. 1992) by 
C-fibers stimulation either electrically or by capsa- 
icin. Again the latter effects result from a presynaptic inh - 
Stion in this case of substance P antidromic release (Ichi- 
no e and Barnes, 1989b; Ichinose et al, 1990; Matsubara et 
7 1992). In addition, H 3 receptor-mediated inhibitions of 
gastric acid secretion induced either by gastrin or vagal stim- 
ulations (Bado et al, 1991; Coruzzi et al, 1991; Soldani etal, 
S 1996) and inhibition of mast-cell activity (Dimitnadou 
et al, 1994, 1997) were identified. 

Selective stimulation of the H 3 receptor, which has been 
instrumental in the discovery of these various responses, was 
SX^SL ^ the identification of Wa-MeHA , . > proto- 
typic full agonist, displaying 15-fold higher potency than HA 
SL H 3 receptor and negligible potency at other receptor 
Subtypes (Arrang et al, 1987). Thereafter, other potent and 



gramm ma, d»h«-.« . ■ , m ri,M e HA N-tele-Cffla-dime thylhis- 

AiiSi^iSSiT^^ 2-MeHA. 2-meth,- 

temin ^Na Na-diMeHA. Na, Na-dimethylhistamine; *>****>*££^ *>• phenylbenzoquinone; 

E5n^44*HA. 4-methy.histamine; ^^^^S^^^^^ isothiocyanate; A.U.C., area under the curve, RIA. 

BZQ. benzoquinone; BSA, bovine serum albumin/ °^^^: co ^ i calc itonin-gene-related peptid e. 

^■^immunoassay; REA, radioenzymatlc assay, ir, .mmunoreact.v.ty; . 1Q85 
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selective H ; , receptor agonists, i.e., (aR, /3S)a, )3-dimethylhis- 
tamine (Lipp et al, 1992), imetit (Garbarg e* al, 1992; How- 
son et a/., 1992; van derGoote/ al, 1992), imepip (Vollinga et 
a/., 1994) and immepyr (Shih et al, 1995) were designed. 

Taking into account some of these actions, it was consid- 
ered that H 3 receptor agonists display a potential therapeutic 
value in several fields. (R)a-MeYLA was the first agent to be 
introduced in phase I clinical trials during which, however, 
its low plasma level after oral administration, unexpected 
from animal studies, was discovered (A. Rouleau, M. Gar- 
barg, J.-M. Lecomte, and J.-C. Schwartz, unpublished obser- 
vation). 

In the present set of studies we have identified important 
methylation of (Rja-MeHA as the cause for this important 
drawback. Therefore, we designed a series of azomethine 
prodrugs of (Z?M-MeHA (Krause et al, 1995) able to release 
slowly the bioactive compound, thus protecting its early met- 
abolic degradation. Among these prodrugs, we have selected 
BP 2-94, i.e., r/?>)-(-)-2-t[N-[l-(l/f-imidazol-4-yl)-2-propyl)im- 
ino]phenylmethyl] phenol (fig.l) for further development. We 
show here that, when administered orally to rodents and 
human volunteers, this compound is readily absorbed, re- 
leases (R)a-MeHA in plasma and tissues, and displays anti- 
inflammatory and antinociceptive properties in rodents. 

Methods 

Radioenzymatic assay of (R)a-MeHA. Before developing a RIA 
(R)a-MeHA was determined in plasma using a REA developed by 
Garbarg et al. (1989b) based on the observation that {72Ja-MeHA is a 
substrate for HMT and its methylated derivative is readily extract- 
ive into chloroform (Hough et al., 1981). Briefly, (R)a-MeHA was 
mixed with [ 3 H]S-adenosyl-methionine and a preparation of rat kid- 
ney HMT purified according to the method of Bowsher et al. (1983) 
slightly modified by Garbarg et al (1989b). The reaction was stopped 
after 1 hr incubation at 25°C by addition of perchloric acid and the 
methylated derivative extracted into chloroform and quantified by 
liquid scintillation spectrometry. 

RIA of (R)a-MeHA and BP 2-94. The immunogen was prepared 
according to Ternynck and Avrameas (1977). (7?Jo>MeHA was cross- 
linked to BSA using BZQ in a two-step reaction as described for HA 
and t-MeHA (Garbarg et al, 1989a) with slight modifications. 
Briefly, BSA (10 mg) was treated with 45 mg of BZQ. After 1-hr 
reaction the BZQ-BSA formed was purified by passing it through a 
Sephadex G-25 column and then mixed with 10 mg (R)a-MeKA for a 
24-hr incubation. After dialysis against water using [ 3 H}(R)a-MeHA 
as a tracer in the coupling reaction, it was estimated that approxi- 
mately 13 molecules of (R)a-MeHA were conjugated to each BSA 
molecule {i.e., 45 jig antigen per mg of BSA). (7?Ja-MeHA-BZQ-BSA 
conjugate (0.15 mg/animal) was injected i.d. to three female rabbits 
(New Zealand, Iffa-Credo, France) according to Garbarg et al. 
(1989a). Antibodies with sufficient titer and affinity were obtained 
after approximately 6 mo. 

To obtain the tracer, the dipeptide Leu-Tyr was [ l25 I]iodinated 
(Hunter and Greenwood, 1962; Garbarg et al, 1989a). Leu-Tyr (0.01 
mg in 10>1 of 0.04 M potassium phosphate buffer, pH 7.5) was mixed 
with [ 125 I]NaI (1 mCi) and a chloramine T solution. After 5 min the 
reaction was stopped by addition of a sodium metabisulfite solution. 
[ l25 I]-Leu-Tyr solution was directly coupled to BZQ (40 mg/ml of 
ethanol) at room temperature in the dark during 1 hr at pH 6. A 
chloroform extraction was performed, and the aqueous phase was 
treated with (R)aMeHA (1 mg/kg free base). The mixture was kept 
overnight at room temperature in the dark and was then purified by 
HPLC. The derivatized (KJor-MeHA-BZQ-Leu-[ 125 I]Tyr was eluted 
with a retention volume of 10 ml. The iodinated product was diluted 
with ethanol and kept at -20°C until used. 



Samples were derivatized with BZQ. The procedure was per- 
formed on 40 ^1 of 0.4 N perchloric extracts from Ma-MeHA stan- 
dard solution, plasma or tissues. A BZQ solution (0.6 mg dissolved in 
20 jil ethanol) and 12 fil of 2.5 M triethanolamine were added to the 
extract before a 30-min incubation at room temperature. The excess 
of BZQ was trapped by addition of 10 p.! 2 M glycine, and the volume 
was adjusted to 0.2 ml with 0.05 M potassium phosphate buffer pH 
7.4 containing 0.19c BSA and O.OlCfc sodium azide. 

All reagents of the RIA were diluted in a 0.1% BSA solution made 
up in 50 mM potassium phosphate buffer, pH 7.4. Standards, plasma 
and tissue extracts were run in triplicate. Derivatized materials (60 
i±\) were mixed with 30 /xl diluted serum {1:32.000 in the final 
incubation medium), and the mixture was subsequently preincu- 
bated for 5 to 6 hr at room temperature. Then 75 ^1 of this mixture 
and 25 /xl of the [ 125 1 Jiodinated tracer (<7? Ja-MeHA- BZQ- Leu- 
[ l25 I]Tyr, 10 pM ) were incubated together overnight at 4°C in a swine 
antirabbit IgG-coated 96-well plate. Wells were washed with 0.05 M 
PBS pH 7.4 buffer containing 0.057c Tween 20, and bound radioac- 
tivity was counted in a gamma spectrometer with an efficiency of 
82%. 

The same assay was used to evaluate BP 2-94 after its total 
hydrolysis into (R)a-UeHA by heating samples diluted with perchlo- 
ric acid (0.4 N final concentration) at 95 C C for 30 min. 

A comparison of the two methods to measure Wa-MeHA in the 
plasma from six human volunteers after an oral dose of (RJa-MeHA 
has been performed and similar results were obtained: 5.3 ±1.1 and 
4.8 ± 0.8 ng/ml after RIA and REA, respectively, applied to samples 
obtained from humans 2 hr after receiving orally 1.4 mmol of (R)a- 
MeHA. 

RIA of N-tele-(R)a-dimethylhistamine. Based on its 1007r 
cross-reactivity with t-MeHA, t-(7?>)a-diMeHA was radioimmu- 
noassayed using antibodies raised against t-MeHA (Garbarg et al, 
1989a). Briefly, after treatment of plasma or tissues with perchloric 
acid (0.4 N final concentration) and derivatization with BZQ, t-(R)a- 
diMeHA was mixed with a [ 125 I]iodinated tracer (t-MeHA-BZQ-Leu- 
[ l25 I]Tyr) and the antibodies. After 15 to 18 hr at 4°C, the bound 
radioactivity was precipitated and counted. 

BP 2-94 hydrolysis in vitro. A 10 mM BP 2-94 solution prepared 
extemporaneously in DMSO was diluted to a final concentration of 4 
fiM in 0.4 N perchloric acid, 0.05 M potassium phosphate buffer, pH 
7.4, or rat liver homogenates (prepared in 5 volumes, w/v, of 0.05 M 
Tris buffer pH 7.5) and incubated at 20, 37 or 95°C. At various time 
intervals, an aliquot was withdrawn, diluted and brought up to a 
final concentration of 0.4 N perchloric acid. Samples were immedi- 
ately derivatized with BZQ and then radioimmunoassayed for (R)a- 
MeHA. Hydrolysis was evaluated as the amount of (Wa-MeHA 
formed during incubation. A blank value corresponding to the (R)a- 
MeHA level at zero time incubation (and representing hydrolysis 
occurring during the RIA) was determined and subtracted. 

HMT activity. HMT activity was quantified by measuring the 
conversion of HA, (R)ct-MeHA and BP 2-94 into corresponding triti- 
ated derivatives, methylated in N-tele-position of the imidazole ring 
by using [ 3 HlS-adenosyl-methionine as [ 3 H]methyl donor. HMT was 
purified from rat kidney according to the method of Bowsher et al 
(1983) slightly modified by Garbarg et al (1989b). HA, (R)aMeHA or 
BP 2-94 were incubated at increasing concentrations with HMT and 
a mixture of unlabeled and [ 3 H]labeled S-adenosylmethionine (5 /iM 
final concentration) for 1 hr at 25°C. The reaction was stopped by 
addition of perchloric acid (0.4 N final concentration). Tritiated 
methylated derivatives were extracted into toluene-isoamyl alcohol 
(3:2) and quantified by liquid scintillation spectrometry. 

[ 3 H1HA release from synaptosomes of rat cerebral cortex. 
Release experiments with synaptosomes were performed according 
to Garbarg et al (1992). Briefly, a crude synaptosomal fraction from 
rat cerebral cortex was preincubated for 30 min with [ 3 HlL-histidine 
(0.4 jiM) at 37°C. After extensive washing, synaptosomes were re- 
suspended in fresh 2 mM K + -Krebs-Ringer's medium and BP 2-94 
alone or together with HA (1 *iM) was added. After 5 min the 
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,„ t „ mcs wer e depolarized by bringing the K' -concentration to 
S ,StrTJn ncubations were ended by a rapid centrifugation 
and WHA iTvels determined in the supernatant according to Gar- 

b 7ht a m aco 9 k?netic studies in healthy human volunteers The 
design of these phase I clinical studies was approved by a local 
Ethi«l Committee and the studies authorized by the Agence Fran 
false du Medicament. They were performed in a specialized Phase I 

Cli Ttt S SL C w e e n re er Caucasi a n m a,es aged 18 to 35 yr of standard 
we ght who were eligible when their cardiovascular, blood and urine 
pa ameters were considered as normal after preenrolment exam.na- 
C They had not received any drug during the 2 preceding wk. did 
not buffer from any acute or chronic disease and were not cons.dered 
a strong tobacco or alcohol consumers. After receiving their n 
formed consent the subjects, having fasted overnight, received th 
ug .either <W«-MeHA or BP 2-94) at 8.00 in on. .capsule : that wa 
« wallowed with 150 ml water. They had a hgnt breakfast at 10.00 
and ndard meals at 13.00 and 19.00; they had also to drink loO ml 
w ater at 9 00 and 11.00. Blood samples (5 ml) were serially with- 
^wn via a catheter implanted in an arm vein, received in test :«£ 
containing heparin, which were immediately centnfuged '3000 ipm 
8 min It 4»C). The supernatant plasma was then separated and 
LTn a 80-C until it was assayed. Cardiovascular, respiratory 
blood ce" and chemistry parameters were monitored all along the 

Capsaicin-induced plasma extravasation. Male WisUr rats 
(100-150 g Iffa-Credo) were administered HUo-MeHA or BP 2-94 
Sy leasing doses or their vehicle. After 90 rt- 
anesthetized with pentobarbital {6 mg/kg, i.p.). In one group of rats 
the fo^wTng tissues were examined: skin (ears), eye conjunctiva 
nasa mucosa, trachea, main bronchi, esophagus and unnary bladde 
TaveraEe weights: 548, 24, 56, 25, 25, 46 and 56 mg respectively), 
they received capsaicin (90 ^g/kg. i.v.) together with Evans blue dye 
30 nX) or vehicles 2 hr after oral treatment. Five mm after 
capsS treatment animals were perfused with saline via the left 
cardfa ventricule for 2 min (constant flow: 24 ml/mm) to remove 
ntravascu?ar dye. Tissues were dissected out and analyzed for ex- 
SaSlvi blue. Where specified trachea and I mam bronchi 
: re anat-d together and designated 'f^^^ 
was carried out by the method of Gamse ea (1980) T ssue ^ were 
immersed in formamide and maintained at 4d'C for 18 hr. Extracted 
. dTwas measured by its absorption at 630 nm using a spectropho- 
tmeter (Dynatech, MR5000). Another group «^£»r£ 
examine extravasation in dura mater ^^}^\^Z 
a more sensitive method. Rats were administered FITC-labeiea do 
vinTserlm albumin (FITC-albumin) (50 mg/kg. i O or Us vehicle 
US mtn after BP 2-94 and 5 min before capsaicin (300 «^g ..v.) or 
i vTc£f ive min later, animals were perfused as described above 
dura maL was carefully dissected out and homogenized in saline 
PhosphaTbuffer. After centrifugation (15,000 g x 1 min) the fiuo- 
escence intensity (excitation wavelength 492 nm ™on wa^ - 
length 520 nm) (Kurose et al., 1994) was evaluated in the superna 
tanfusing a fluospectrometer (Jobin Yvon, JY3D). A control value 
omsponding to Uie basal dye level in the absence of capsaicin 
Sn ^determined for each tissue and subtracted The mh*- 
1 «f W receDtor agonists on capsaicin-induced extravasa 

SwtSetSJSSi used as the percent ratio of: [dye (or 
SSc 11 bumTn) concentration after administration of capsa.cn plus 
BP 2-9T(o"S a-MeHA) minus concentration after capsaicin alone 
!ver concen ration after capsaicin alone These calculated I values 
were analyzed with an iterative computer least-squares ^me hod de- 
were anaiyzeu d w d (ig71) as descnb ed below (see 

X^rf^S'Si values and maximal inhibitory effects 

"Nociceptive activity. Male Swiss mice (20-25 g, Iffa-Credo) 
we« used* three test, The , phenyl ^f"-^^ * 
test was performed as described by Chaillet et al. (1983). BP 2 94, 



Histamine H 3 -Receptor Agonist Prodrug 1 087 

aspirin (Siegmund ef al., 1957), (K.'a-MeHA or vehicle were given 
orally before injection of phenylbenzoquinone (PQ) (2 mg/kg. i.p.), 
and 10 min later, the number of writhing episodes evaluated during 
a 10-min observation period. When required, thioperamide (5 1 nmol/ 
k K ) or naloxone (30 ,xmol/kg) were administered i.p. 1 hr before BP 
2 94 (0 16 Aimoykg, p.o.). The rather high doses of thioperamide and 
naloxone was selected to ensure H 3 or opiate receptor blockade for 
over 1 hr (von Voigtlander and Lewis, 1988; Garbarg ct al., 1989b; 
Fuiibayashi and Iizuka, 1995). The inhibitory effect of increasing 
doses of BP 2-94 on PQ-induced writhing was determined as the 
percent ratio of the difference of writhing score after vehicle and BP 
o-94 treatment over score after vehicle alone, and used to calculate 
the ED M value and maximal effect of BP 2-94 as mentioned below 
(see "Analysis of data"). 

The formalin paw test was performed as described (Rupn.ak « al., 
1993) The duration of licking ar.ri biting was recorded after s.c. 
injection of 20 M l formalin in the dorsal surface of mouse h.na paw. 
The earlv phase response was recorded immediately after 0.2* for- 
malin injection and for 5 min. The late phase response was recorded 
beginning 20 min after injection o: 1* formalin and continued for 10 
min. BP 2-94 (16 ,xmol/kg), morphine (35 ^moUkg) or vehicle were 
given orally 1 hr before formalin injection. 

The hot plate jump test was performed as descnbed by Edd> and 
Leimbach (1953). One hour after oral administration of BP 2-94 (it, 
umol/kg), morphine (35 ^mol/kg) or vehicle animals were placed .nto 
a plexiglass chimney (height: 19 cm, diameter: 13 cm) on a platform 
maintained at 55°C, and the time elapsed until they jumped from the 
platform was measured. The cut-off time was 240 sec. 

Zymosan-induced edema in mice. Edema was mduced in male 
Swiss mice (20-25 g) by injecting 25 ,.1 of 0.05% zymosan ^P*™° n 
in saline into the left hind paw (Stefanova et al., 1995). The ngh 
hind paw was used as a control and was injected with 25 mI of 0.9% 
saline The animals were killed 4 hr later, both hind paws were cut 
off at the ankle, and the difference between their weights was cal- 
culated BP 2-94 was orally administered 1 hr before, simultaneously 
wlih or 1 hr after zymosan injection. The effect of BP 2-94 was also 
Studied in the presence of thioperamide (5! funol/kg) administered 

LP iSJ2iSi^r determination of ED 50 values and maximal 
eff^ts Inhibitory effects of drugs were analyzed with an iterative 
computer least-squares method derived from that of Parker and 
Waud (1971), using the following non linear regression: 



inhibitory effect of the drug = 

[maximal inhibitory effect of the drug) x [drug dose] 
[drug dose) + ED50 

Half-lives have been determined by a computerized program^using 
the following nonlinear regression: y = A exp + exp 

was from Sigma Chemical Co. (St Louis, MO). ^t^-d MeHA, 
a, a-diMeHA were synthesized by one of us (W.S.). Na MeHA^ 
2 MeHA 4-MeHA and No, Na-diMeHA were from Smith Kline 
BeXm (UnoSt UK). 2-OH-BZP was from Acros J**^ 
BP 2-94 and (R)aMeiiA were from Laboratoire Bioprojet (Paris, 
Lnce). For administration to animal s BP 2*4 Me^LA or 

morphine and aspirin (Sigma) were introduced intol* ' "™J£" U 
lose plus 5% DMSO; naloxone (Sigma) and th>operam,d ^ P« 
of Pr. Robba, Caen) were solubihzed in DMSO ^ *ma> 
dissolved in 0.9% NaCl, 3% ethanolic. Capsaicin (Sigma ) was solu 
bilized in saline:DMSO:distilled water (36:3:1). Evans blue dye wa. 
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prepared in 0.97, NaCl and filtered (Millipore, 0.45-Mm pore diame- 
ter) before use. FITC-albumin (Sigma) was diluted in 0.9<7< NaCl. 
Zymosan iSigma) was suspended in 0.9% saline by sonication and 
heated for 30 min at 100°C before use. All chemicals were from 
Sigma except BZQ (reagent grade) which was from Fluka AG ( Buchs, 
Switzerland), synthetic peptides which were from Bachem (Buben- 
dorf, Switzerland), and S-adenosyl-L-methionine which was from 
Boehringer (Mannheim, FRG). All other reagents (analytical grade) 
were from commercial sources and were of the highest purity avail- 
able. 

Results 

Characteristics of the RIA for (R)a-MeHA. The RIA 
was designed using a pool of bleedings exhibiting the best 
binding parameters. The final antiserum dilution used to 
obtain 10 to 20% binding of the tracer, in the absence of 
competing derivatized amine (B 0 ) was 1:32,000. The pH of 
the reaction and the BZQ concentration were selected to 
minimize the interference of BZQ with the antibodies and to 
obtain the maximal derivatization yield. Addition of (R)a- 
MeHA derivatized with BZQ progressively inhibited the 
binding of the [ l25 I]tracer to antibodies (fig. 2) with an IC 50 of 
0.5 ±0.1 nM. The detection limit, defined as the concentra- 
tion corresponding to 20% inhibition, was 10 pg/well (2 ng/ 
ml). The specificity of the antibodies was tested by measuring 
the cross-reactivities of various BZQ-derivatized compounds 
(fig. 2). The cross-reactivity of HA was 7% and that of histi- 
dine, 2-0H-BZP and various methylated derivatives of HA 
was less than 0.05%. The apparent cross-reactivity of BP 
2-94 (1-2%) reflects hydrolysis of BP 2-94 into fflJa-MeHA 
taking place during the 30-min derivatization step. Dilutions 
of derivatized plasma from rats pretreated with (R)a-MeUA 
(0.24 mmol/kg, p.o.) inhibited the binding of the [ 125 I]tracer 
to antibodies with an inhibition curve paralleling that of the 
standard (Fig. 2). The recovery of (R)a-MeUA added to plasma 
or tissue extracts was about 90%, and all results were cor- 
rected accordingly. 

In vitro hydrolysis of BP 2-94. The compound BP 2-94 
was incubated to estimate its ability to release (R)a-MeEA 
under various conditions. The hydrolysis rates of BP 2-94 at 
room temperature were similar in neutral and strongly acidic 
media, representing about 4% per hour. To investigate a 
possible enzymatic hydrolysis of BP 2-94 incubations were 
also performed in the presence of rat liver homogenates at 
37°C. Under such conditions the hydrolysis rate was in the 
same range as that obtained in the absence of tissue. Condi- 
tions ensuring a complete hydrolysis of BP 2-94 into (RJa- 
MeHA were also investigated for measuring BP 2-94 levels in 
biological samples. Thus, incubation of BP 2-94 in an acidic 
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Fig. 1. Chemical structures of (ftja-MeHA and BP 2-94. 
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Fig. 2. RIA of (RJa-MeHA: Inhibition of [ 125 l]tracer binding to antibodies 
by various compounds and plasma extracts from rats pretreated with 
(WJa-MeHA. Rats received (flja-MeHA (0.24 mmol/kg, p.o.) 2 hr before 
being killed and their plasma was radioimmunoassayed for (ftja-MeHA 
after dilution and derivatization with BZQ. All compounds were pre- 
treated with BZQ as described in "Methods," preincubated in the 
presence of antiserum and incubated with a 10 pM concentration of 
[ 125 l]tracer. 

medium at 95°C for 30 min, leading to a complete hydrolysis, 
was selected. The specificity of the assay was assessed in 
mouse plasma samples having received 0.3 mmol/kg of BP 
2-94 p.o. and killed 1 hr later: HPLC analysis on a C 18 
jLtBondapak column showed only two immunoreactive peaks 
corresponding to (R)a-MeHA and BP 2-94, the latter after 
hydrolysis (retention times 6 and 28 min, respectively; linear 
gradient of 10-50% AcN in 10 mM Ac0NH 4 over 30 min). 

Methylation of (R)a-MeHA and BP 2-94 by HMT. BP 
2-94 was tested as a possible substrate of HMT in comparison 
with HA and (R)a-MeHA. The K M values of HMT were 3.0 
and 2.2 /xM and the V max values 2.2 and 1.7 nmol/mg/hr for 
HA and <72Ja-MeHA, respectively, but methylation was not 
detectable with BP 2-94 as a substrate using the standard 
assay. 

Effects of BP 2-94 and t-(R)a-diMeHA on [ 3 H]HA re- 
lease from rat brain synaptosomes. BP 2-94 (in concen- 
trations from 1 ^M to 1 mM) tested as an H 3 receptor antag- 
onist was ineffective in preventing the inhibition of 
depolarization-induced [ 3 H]HA release from brain synapto- 
somes elicited by 1 iiM HA. When tested as an agonist in 
concentrations from 1 to 100 jiM, BP 2-94 inhibited [ 3 H]HA 
release by up to 72% with an EC 50 of about 10 /iM to be 
compared with 4.0 ± 0.9 nM for (RJo-MeHA (Garbarg et al, 
1992). t-fRJa-diMeHA inhibited [ 3 H]HA release with an EC 50 
about 50 \M. 

Distribution of BP 2-94 and (R)a-MeHA in mouse 
tissues after oral administration of BP 2-94. After oral 
administration of 24 ^mol/kg of BP 2-94 to groups of four 
mice, both the prodrug and the active drug fi?;a-MeHA-ir 
were detected in plasma and various tissues as early as 30 
min later. The levels of both compounds peaked at 1 hr and 
then declined with a half-life of about 1 hr. In figure 3 
A.U.C.s derived from these data are shown which indicate 
that similar levels were reached in lung and plasma, whereas 
levels in liver and kidney were twice as high and hardly 
detectable in cerebral cortex. C max values (in nmol/g or nmol/ 
ml) were 1.1, 1.7, 4.4 and 1.5 for BP 2-94 in lung, kidney, liver 



1997 



Histamine H 3 -Receptor Agonist Prodrug 1089 





15.0^. 




12.5- 




10.0- 


c. 




ZD 


7.5- 


< 






5.0- 




2.5- 




0.0- 



^^(R)ct-MeHA 
■H BP 2-94 




BP 2-94 



cortex 



lung 



liver kidney plasma 



Fig. 3. Tissue and plasma levels of BP 2-S4 and fRja-MeHA immuno- 
reactivities in mice receiving only BP 2-94: compared areas under the 
curves. Groups of four mice were killed at various times (1-16 hr) after 
oral administration of BP 2-94 (24 jimol/kg). (HJa-MeHA was radioim- 
munoassayed in tissue and plasma extracts before and after hydrolysis 
of BP 2-94 into (R)a-hAeHA. BP 2-94 level was calculated as the 
difference between these two determinations. Results expressed in 
nmol.hr.g" 1 for tissues and in nmol.hr.ml" 1 for plasma. 

and plasma, respectively, whereas corresponding values for 
(R)a-MeRA were 0.8, 2.1, 2.0 and 0.6. 

Pharmacokinetics of (R)a-MeHA and BP 2-94 in hu- 
man volunteers. In human volunteers receiving 1.4 mmol 
of (R)a-MeHA orally the plasma level of (R)a-MeEA (deter- 
mined by a REA) was maximal 1.7 hr after the administra- 
tion and decayed with an apparent half-life of about 1.6 hr. 
The levels of WflJa-diMeHA immunoreactivity displayed 
similar changes. C max values were 40.2 pmol/ml and 3.0 
nmol/ml for <7?ja-MeHA and t-fi?Ja-diMeHA, respectively. In 
this study, the A.U.C. of plasma t-^a-diMeHA levels repre- 
sented 141-fold that of the plasma (R)a-MeHA level (table 1). 
For the purpose of comparison, plasma levels of (R)a-MeHA 
and its methylated derivative were also evaluated in mice 
receiving 24 p,mol/kg of (R)a-MeHA orally and A.U.C. s cal- 
culated (table 1). In contrast to the data in human volunteers 
the ratio of the two A.U.C.S was only about 1.5. 

In human volunteers receiving 0.1 mmol of BP 2-94 orally 
the plasma levels of BP 2-94 and (R)a-MeBA (both deter- 
mined by RIA) reached a plateau at 1 to 2 hr and then 
decayed very slowly in a biphasic manner with similar half- 
lives, i.e., f 2/2 (a) of about 1 hr and t u2 (b) > 24 hr (fig. 4A). 
After 24 hr, levels of (R)a-MeHA-ir and BP 2-94 were still 
detectable. The A.U.C. of BP 2-94 was 8.0 nmol.hr.ml" 1 and 
represented 10-fold that of (7?Ja-MeHA. A similar ratio was 
obtained for the C raax values of BP 2-94 and Wa-MeHA. For 

TABLE 1 

Plasma levels of (R)a-MeHA and its methylated metabolite after 
oral administration of (R)a-MeHA to mice and healthy human 
volunteers 







A.U.C. (pmol-hr- ml" 1 ) 




Mice 


Humans 


(R)a-MeHA 


1,435 


153 ± 35 


t-(R)a-diMeHA 


2,148 


19,733 ± 2 t 913 



Blood was taken from groups of four mice killed at various time intervals (1-1 6 
hr) after administration of (R)a-MeHA (24 ^mot/kg, p.o.). Blood was withdrawn 
from six mate volunteers at various times (30 min-24 hr) after administration of 
(R)a-MeHA (1.4 mmol, i.e., -25 pmoVkg, p.o.) and means z S.E.M. catculated 
from each individual A.U.C. 




2 3 4 5 6 10 
Time after BP 2-94 (h) 

BP 2-94 (0.1 mmol) 




HA (1.4 mmol) 
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Fig. 4. Compared plasma levels of (RJa-MeHA-ir (logarithmic scale) 
after administration of either (RJa-MeHA or BP 2-94 to healthy human 
volunteers. A, Levels of (RJa-MeHA and BP 2-94 after administration of 
BP 2-94 (0.1 mmol, p.o.) to 12 human volunteers. Means ± S.E.M. B, 
Levels of (R)a-MeHA after administration of either (R)a-MeHA (1.4 
mmol, p.o.) to 6 human volunteers or BP 2-94 (0.1 mmol, p.o.) to 12 
human volunteers. Means ± S.E.M. 



the purpose of comparison, and although two distinct popu- 
lations of volunteers were involved, the changes in plasma 
(7?Ja-MeHA-ir levels after administration of this compound 
or its prodrug BP 2-94 are reported together in figure 4B. 
(Notice that the 6-, 8- and 25-hr time points in the time curve 
after (i?Ja-MeHA administration are too close to the limit oi 
detection to document a slow terminal elimination). More- 
over, the ratio of plasma C max of t-tf?Ja-diMeHA and (R)a- 
MeHA-ir was 0.7 ± 0.2 in human volunteers receiving BF 
2-94 (0.05-0.25 /xmol), whereas it reached 98 ± 21 in th( 
volunteers who received (R)a-MeHA (1.4 mmol). 

Effects of BP 2-94 on capsaicin-induced plasma pro 
tein extravasation in rat tissues. After capsaicin admin 
istration the amount of Evans blue dye (pg/g) raised fron 
16.3 ± 1.9 to 159.5 ± 12.5, from 13.9 ± 1.8 to 107.9 ± 10.1 
and from 6.1 ± 0.5 to 25.5 ± 1.9 /xg/g, respectively, withii 
bronchi, esophagus and bladder, representing the percen 
increases (table 2). Corresponding values were 2.3 ± 0.3 
5.3 ± 0.6, 17.5 ± 1.3 and 12.7 ± 1.2 /ig/g in skin, conjunctiva 
nasal mucosa and trachea of controls and increased signifi 
cantly (3- to 7-fold) after capsaicin (table 2). In dura matei 
plasma extravasation was evaluated in animals having rc 
ceived FITC-albumin whose levels were 21.2 ± 2.0 /ig/g i 
controls and enhanced by 86% after capsaicin (table 2). Pre 
treatment with BP 2-94 in increasing doses (0.8-240 p-mol/k* 
significantly reduced the response to capsaicin in all tissue 
studied. This inhibitory effect took place dose-dependentl 
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TABLE 2 

Inhibition of capsaicin-induced plasma extravasation by BP 2-94 
in various rat tissues 



20CH 



Tissue 



Caosaicin Effect 
(%) 



BP 2-94 Inhibitory Effect 



E0 5o values 
( M mot/kg) 



Maximal effect (%) 3 



Skin 


+ 787 


-209 


14 




8 


-48 




5 


Conjunctiva 


+ 299 


' 61 


1.3 




0.6 


-65 




6 


Nasal mucosa 


+ 326 


±49 


1.3 




0.7 


-33 




3 


Trachea 


+ 614 


2: 118 


1.3 




0.7 


-55 




5 


Bronchi 


+ 882 


= 182 


0.8 




0.4 


-54 




4 


Esophagus 


+ 678 


= 162 


3.0 




1.2 


-65 




5 


Urinary bladder 


+ 315 


± 57 


0.6 




0.1 


-63 




2 


Dura mater 


+ 86 


= 24 


3.3 




2.0 


-87 




7 



OESOPHAGUS 




20 



15 



10 




The animals were given increasing aoses oi or orduy c m ubiwc ^h* 
saicin (90 M9 /k 9- i v ) and Evans blue dye (30 mg/kg, i.v.). For estimation of 
extravasation in dura mater, rats received FITC-albumin 5 min before capsaicin 
(300 M9'' k 9. i v -)- Animals were perfused 5 min after capsaicin treatment and 
tissues were dissected out. The capsaicin effect represents the mean percent 
increase r S.E.M. in dye levels in the various tissues. ED 50 values * S.E. and 
maximal effect * S.E. were calculated from data which are mean of 6 to 37 
independent determinations. 

with an ED 50 of 0.8 * 0.4, 3.0 ± 1.2 and 0.6 ± 0.1 /xmol/kg 
and a maximal reduction of capsaicin-induced extravasation 
of 54, 65 and 63% in bronchi, esophagus and bladder respec- 
tively (fig. 5). The ED 50 values and maximal effects in the 
other tissues were derived from similar dose-response curves 
and are reported in table 2. Administration of thioperamide 
(51 /xmol/kg) 1 hr before BP 2-94 (40 jimol/kg) reversed com- 
pletely its inhibitory effect in all tissues but thioperamide 
alone did not significantly affect the capsaicin-induced ex- 
travasation. This is shown on figure 6 in bronchi plus trachea 
(airways). In addition, administration of (R)a-MeHA (80 
jLimol/kg) also inhibited significantly (by 40%) the response to 
capsaicin in airways, and thioperamide reversed this effect 
(fig. 6). 

Antinociceptive activity of BP 2-94 in mouse. Phenyl- 
benzoquinone-induced writhing was significantly reduced in 
mice receiving BP 2-94 orally. The antinociceptive activity of 
the prodrug was dose-related and occurred with an ED 50 of 
0.03 ± 0.01 fimol/kg and a maximal reduction of the writhing 
score of 70%, a value close to that obtained with aspirin in 
maximal dosage (556 fimol/kg) (fig. 7). Combination of BP 
2-94 and aspirin at moderate dosages elicited an additive 
reduction of the nociceptive response to PQ (-32 and -39% for 
BP 2-94 and aspirin, respectively us. -56% when given to- 
gether). The antinociceptive activity of BP 2-94 (16 junol/kg) 
was maximal after 1 hr, still significant after 3 hr and, 
although not significant, represented a 43% decrease after 6 
hr (fig. 8). (R)a-MeHA (160 junol/kg) given orally 1 hr before 
PQ induced an effect similar to that elicited by a maximal 
dose of BP 2-94. DMSO itself, the vehicle used for thioper- 



Capsaicin 

+ + (R)a-MeHA 

+ + BP2-94 

+ - + Thioperamide 

Fig. 6. Thioperamide reversal of the inhibition by (flja-MeHA or BP 
2-94 of capsaicin-induced plasma extravasation in rat airways. Thiop- 
eramide (51 /xmol/kg, i.p.) was administered 1 hr before (Rja-MeHA (80 
^mol/kg, p.o.) or BP 2-94 {40 u,mol/kg. p.o.) and 2.5 hr before capsaicin 
(90 jig/kg, i.v.) and Evans blue dye (30 mg/kg, i.v.). Animals were 
perfused 5 min after capsaicin treatment, a, P < .01 as compared to 
capsaicin alone; b, P < .01 as compared to capsaicin and (AJa-MeHA 
or BP 2-94. Means ± S.E.M. of 8 to 14 values. 
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Fig. 7. Antinociceptive activity of BP 2-94 in the phenylbenzoquinone 
(PQ) writhing test in mouse. PQ (2 mg/kg, i.p.) was administered i.p. 1 
hr after BP 2-94 or aspirin (p.o.), and 10 min later the number of writhing 
episodes were counted for 10 min. 'P < .05, *'P < .001 as compared 
to control mice. Means ± S.E.M. of 6 to 45 values. 

amide and naloxone, reduced the nociceptive effect of PQ by 
about 50% (writhing score: 11.2 ± 1.9 vs. 21.0 ± 2.3 for 
DMSO and control treated mice, respectively). However, BP 
2-94 (0.16 /xmol/kg) and aspirin (556 /xmol/kg) administered 
after DMSO were still effective in inhibiting the nociceptive 
effect of PQ. The antinociceptive effect of BP 2-94 (0.16 txmoV 



URINARY BLADDER 




Fig. 5. Effect of BP 2-94 on capsaicin-induced 
plasma extravasation in rat bronchi, esophagus 
and urinary bladder. The animals were given BP 
2-94 orally at increasing dosages (logarithmic 
scale) 2 hr before capsaicin (90 Aig/kg, i.v.) and 
Evans blue dye (30 mg/kg, i.v.) and were per- 
fused 5 min after capsaicin. *P < .01 , "P < 
.001. Means ± S.E.M. of 6 to 37 values. 
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Fig. 8. Kinetics of the antinociceptive effect of BP 2-94 in the phenyl- 
benzoquinone writhing test in mouse. BP 2-94 (16 ^mol/kg. p.o.) was 
given at various times before administration of PQ (2 mg/kg, i.p.). 
Starting from 10 min after PQ administration, the number of writhing 
episodes displayed by the animals was counted for 10 min. *P < .05, 
"P < .01 as compared to control mice. Means r S.E.M. of 9 to 33 
values. 

kg) was significantly abolished by previous administration of 
thioperamide (51 /xmol/kg), but not by naloxone (30 jxmol/kg). 
Thioperamide alone did not change the writhing score, and a 
slight but not significant enhancement of the writhing score 
could be noticed after naloxone. 

In the formalin test, BP 2-94 (16 timol/kg, p. 0 j reduced the 
duration of licking and biting of the hind paw during both the 
early (first 5 min) and the late (20-30 min) phase responses 
after the injection of formalin (fig. 9). BP 2-94 was less 
efficient than morphine (35 p.mol/kg, p.o.) during the early 
phase but equipotent during the late one. 

In the hot plate jump test, BP 2-94 (16 /xmol/kg, p.o.) was 
without effect on the jump latency time whereas morphine 
(35 /xmol/kg, p.o.) increased it significantly by 163% (fig. 10). 

Antiinflammatory activity of BP 2-94 in mouse. After 
preliminary trials the inflammatory effect of zymosan was 
studied 4 hr after administration of 25 /xl of a 0.05% suspen- 
sion. The inflammatory response to zymosan, i.e., edema, was 
significantly reduced by about 50% in mouse receiving BP 
2-94 (66 /xmol/kg, p.o.) at the same time as, before or after 
zymosan administration. Administered 1 hr before zymosan 
BP 2-94 decreased in a dose-dependent manner the zymosan- 
induced edema with an ED 50 of 1.0 ± 0.4 /xmol/kg and a 
maximal effect of 60%. The antiinflammatory effect of BP 
2-94 was significantly abolished by prior administration of 
thioperamide (51 /xmol/kg, i.p.) that alone did not induce 
significant change (fig. 11). 
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Fig. 10. Effect of BP 2-9^ on jump latency in the hot plate test in 
nr.ouse. Mice were given BP 2-94 {16 /xmol/kg, p.o.) or morphine (35 
^moi/kg, p.o.) 1 hr before evaluation of the jump latency time. *P < .001 
as compared to control or BP 2-94. Means ± S.E.M. of 9 to 10 values. 




Zymosan 
+ - + BP 2-94 

+ + Thioperamide 

Fig. 11. Thioperamide reversal of the effect of BP 2-94 on zymosan- 
induced paw edema in mouse. Thioperamide (51 /xmol/kg, i.p.) was 
injected 1 hr before BP 2-94 (1.6 /imof/kg, p.o.) and 2 hr before 
zymosan injection, a, P < .01 as compared to zymosan, b, P < .001 as 
compared to BP 2-94. Means i S.E.M. of 10 values. 

Discussion 

Our study identifies BP 2-94 as an optimal prodrug of 
(R)otMeYLA, enhancing markedly the plasma level of the lat- 
ter in healthy human volunteers and exerting potent antiin- 
flammatory activity mediated by H 3 receptors on capsaicin- 
sensitive fibers in rodents. 

Initial studies showed that (R)aMeEA displays signifi- 
cantly lower oral bioavailability in humans compared to ro- 
dents, as judged from the radioenzymatic assay of plasma 
levels (table 1). Since much higher plasma levels of t-(R)a- 
diMeHA were detected in humans receiving (R)a-MeHA 
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Fig. 9. Antinociceptive activity of BP 
2-94 in the mouse formalin test. BP 2-94 
(1 6 /xmol/kg, p.o.) or morphine (35 /imol/ 
kg, p.o.) were administered 1 hr before 
formalin injection into the hind paw. The 
duration of licking and biting was mea- 
sured for 5 min after the injection of 20 /il 
of 0.2% formalin (early phase) or 20 min 
after 20 jd 1 % formalin (late phase). *P < 
.01. **P < .001. Means ± S.E.M. of 6 to 
12 values. 
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Additional studies are required to establish which of these 
various inflammatory pathways are modified by H : , receptor 
agonists, although it seems likely that the reductions in 
proinflammatory substance P (Payan, 1989) release and im- 
pairment of mast cell reactivity induced by these agents 
might contribute. 

Finally, a marked and long-lasting antinociceptive activity 
of BP 2-94 in low dosage (ED 50 = 0.03 ± 0.01 jimol/kg, p.oJ, 
also clearly mediated by the H 3 receptor and independent 
from endogenous opioids, was evidenced in the PQ-induced 
writhing test. The maximal effect of BP 2-94, Lc, a 70% 
reduction in the number of abdominal torsions, was similar 
to that of aspirin, and the effects of the two agents in mod- 
erate dosages were apparently additive. 

In the formalin test the antinociceptive effect of BP 2-94 in 
maximal dosage was less marked than that of morphine 
during the early phase (which is thought to correspond to 
direct activation of sensory fibers by formalin) but equivalent 
to the latter in the late phase, which may correspond to a 
secondary inflammatory reaction (Kayser and Guilbaud, 
1994). In contrast, no significant antinociceptive activity was 
detected in the hot plate jump test. Taken together these 
observations suggest that the antinociceptive activity of the 
H 3 receptor agonist results from an inhibition of nociceptive 
messages transmission by sensory C-fibers via an action at 
peripheral sites. 

The pattern of peripheral antinociceptive and antiinflam- 
matory actions of the H 3 receptor agonist evidenced here and 
largely attributable to the widespread inhibition of tachyki- 
nin release, suggests novel therapeutic applications for this 
class of drugs. Tachykinins modulate the activity of a number 
of different leukocytes involved in both acute and delayed 
inflammatory responses and may play a role in the patho- 
genesis of such diverse diseases as arthritis, asthma and 
inflammatory bowel diseases (Payan, 1989). The applications 
of H 3 receptor agonists might be more general than those of 
tachykinin receptor antagonists that are generally specific 
for a single receptor subtype. In addition, the application of 
these drugs in asthma is further supported by their inhibi- 
tory effect on vagally induced bronchoconstriction (Barnes, 
1992). In migraine and related disorders, their efficacy might 
derive from the inhibition of release of both proinflammatory 
tachykinins and vasodilatory CGRP from trigeminal nerve 
endings, a mechanism proposed to account for the therapeu- 
tic efficacy of sumatriptan (Buzzi et aL, 1991; Moskowitz, 
1991). These various hypotheses are currently tested in on- 
going clinical trials with BP 2-94 due to the good plasma level 
of this compound. Finally, it should be stressed that among 
antiinflammatory agents H 3 receptor agonists display the 
interesting and unique property of decreasing gastric acid 
secretion (Bertaccini and Coruzzi, 1995) and exerting antiul- 
cer activity (Morini et aL, 1995) in relation with the inhibi- 
tion of HA release from enterochromaffin-like cells (Prinz et 
aL, 1993; Soldani et aL, 1996). 
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I. Introduction and Historical Perspective 

The classification of histamine receptors has to date 
been based on rigorous classical pharmacological analy- 
sis, and as yet, the classification of the three histamine 
receptors that have been defined by this process, (i.e., 
the H r , H 2 -, and tf 3 -receptors) have not been added to 
because of more recent molecular biological approaches 
(Schwartz et al. f 1991, 1995; Hill, 1990; Leurs et al., 
1995b). The scant number of known histamine recep- 
tors, compared with the plethora of receptors for some 
other endogenous substances, probably reflects the rel- 
ative neglect of histamine rather than a paucity of its 
receptors. There is some preliminary evidence of heter- 
ogeneity of the known histamine receptors (which will be 

a Address for correspondence: Professor S. J. Hill, Department of 
Physiology & Pharmacology, Queen's Medical Centre, Nottingham 
NG7 2UH, United Kingdom. 



reviewed later in this article), but the acceptance of 
additional subtypes still awaits the identification of "se- 
quence differences" within a single species and the de- 
velopment of selective agonists and antagonists provid- 
ing the structural, recognition, and transductional 
information necessary for reliable classification. 

The first histamine receptor antagonists (popularly 
referred to as the classical antihistamines but now 
called H r receptor antagonists) were synthesized (Bovet 
and Staub, 1936; Bovet, 1950) over 20 years after the 
discovery (Barger and Dale, 1910) and descriptions of 
some of the physiological effects (Dale and Laidlaw, 
1910) of histamine. These accomplishments had been 
preceded, as for some other endogenous biogenic amines, 
by its synthesis as a chemical curiosity (Windaus and 
Vogt, 1907). Early studies of the antihistamines were 
qualitative, for example, the demonstration of their ef- 
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fectiveness in protecting against bronchospasm pro- 
duced in guinea pigs by anaphylaxis or administration of 
histamine (Bovet and Staub, 1936). Though qualitative, 
these studies yielded compounds, e.g., mepyramine 
(pyrilamine), that remain major ligands to define hista- 
mine receptors. 

These antagonists were shown to reduce the effects of 
histamine on many tissues, notably vascular and ex- 
travascular smooth muscle (e.g., guinea pig ileum), but 
it became apparent that some of the effects of histamine 
were refractory to these classical antihistamines (Loew, 
1947). For example, histamine-stimulated gastric secre- 
tion was shown to be unresponsive to three different 
antihistamines lAshford et al., 1949). The vasodilator 
response to histamine in the cat was shown to be only 
partly sensitive to an antihistamine, leading to the sug- 
gestion that histamine causes vasodilatation by combin- 
ing with more than one receptor (Folkow et al., 1948). 
The application of the method of Schild lArunlakshana 
and Schild, 1959) to the classification of receptors re- 
vealed that the pA 2 (-log K B ) value of mepyramine for 
antagonism of the positive chronotropic effect of hista- 
mine on the right atrium of the guinea pig differed from 
mepyramine's pA 2 value for antagonism of the contrac- 
tile response to histamine in guinea pig ileum, implying 
that the receptors involved were distinct (Arunlakshana 
and Schild, 1959; Trendelenburg, 1960). The histamine 
receptor in guinea pig ileum and in other tissues that 
showed the same or similar pA 2 value for these early 
antihistamines was then named the H r receptor (Ash 
and Schild, 1966). As the relative potencies of these 
histamine antagonists and histamine agonists on gastric 
acid secretion, relaxation of rat uterus, and chronotropy 
of the guinea pig right atrium differed from those on the 
H r receptor, it was concluded that a separate histamine 
receptor was involved in these responses. 

The development of specific antagonists (^-antago- 
nists) for this novel receptor represents a classic exam- 
ple of rational drug design (Black et al., 1972; Black, 
1989) and showed the "practical value" (Green and 
Maayani, 1987; Jenkinson, 1987) of a quantitative ap- 
proach to the analysis of receptor antagonism (Arunlak- 
shana and Schild, 1959). Burimamide was the first com- 
pound to be described (Black et al., 1972) that had a 
higher pA 2 for antagonism of the histamine-mediated 
responses on guinea pig atrium and rat uterus than the 
pA 2 determined for antagonism of the contractile re- 
sponse to histamine in guinea pig ileum. Burimamide 
was also able to reduce gastric acid secretion in dogs and 
humans and to reduce the blood pressure response of the 
cat to histamine (Black et al, 1972). A large number of 
more potent and selective H 2 -receptor antagonists have 
since been developed (Cooper et al., 1990), although 
further quantitative investigations of the antagonist po- 
tency of burimamide on other histamine-mediated re- 
sponses contributed to the definition and classification 
of the histamine H 3 -receptor (Arrang et al., 1983). 



The third histamine receptor was also defined by a 
functional assay. Histamine was found to inhibit its own 
synthesis and release in rat cerebral cortical slices, and 
the effects of H r and H 2 - receptor agonists and antago- 
nists indicated a distinct receptor (Arrang et al., 1983, 
1987b) A highly selective agonist, R-(a)-methylhista- 
mine, and antagonist, thioperamide, clearly defined the 
/^-receptor (Arrang et al., 1987). Since that time, con- 
siderable efforts have been made to develop other H 3 - 
receptor-selective agonists and antagonists (Garbarg et 
al., 1992; Jansen et al., 1992; Van der Goot et al, 1992; 
Vollinga et aL 1994; Ganeliin et al., 1995; Ligneau et al, 
1995; Stark et al., 1996b,c). 

Table 1 summarizes some of the operational charac- 
teristics used to define the nature of the histamine re- 
ceptor involved in different tissue responses. Histamine 
derivatives are numbered according to the system given 
in figure 1 (Black and Ganeliin, 1974). 

II. Histamine H r Receptor 

A. Distribution and Function 

The study of the distribution of histamine Hi-recep- 
tors in different mammalian tissues has been greatly 
aided by the development of selective radioligands for 
this particular histamine receptor subtype. [ 3 H]mepyra- 
mine was originally developed in 1977 (Hill et al., 1977) 
and since that time has been used successfully to detect 
H r receptors in a wide variety of tissues including: mam- 
malian brain; smooth muscle from^irways, gastrointes- 
tinal tract, genitourinary system, and the cardiovascu- 
lar system; adrenal medulla; and endothelial cells and 
lymphocytes (Hill, 1990). In some tissues and cells, how- 
ever, it is notable that [ 3 H1 mepyramine additionally 
binds to secondary non-Hi-receptor sites (Chang et al., 
1979a; Hill and Young, 1980; Hadfield et al, 1983; Mit- 
suhashi and Payan, 1988; Arias-Montano and Young, 
1993; Dickenson and Hill, 1994; Leurs et al., 1995b). In 
rat liver, in which [ 3 H] mepyramine predominantly 
binds to a protein homologous with debrisoquine 4-hy- 
droxylase cytochrome P450 (Fukui et al., 1990), quinine 
can be used to inhibit this nonspecific binding. This 
observation has led Liu et al. (1992) to suggest that 
quinine may be used to inhibit binding to other lower 
affinity sites. However, it is clear that not all secondary 
binding sites for [ 3 H] mepyramine are sensitive to inhi- 
bition by quinine (Dickenson and Hill, 1994). Thus, in 
DDTiMF-2 cells, a 38 to 40 kDa protein has been iso- 
lated, which binds H r receptor antagonists with K D val- 
ues in the micromolar range (Mitsuhashi and Payan, 
1988, Mitsuhashi et al., 1989) but which is not sensitive 
to inhibition by quinine (Dickenson and Hill, 1994). Nev- 
ertheless DDTiMF-2 cells can be shown to additionally 
possess [ 3 H]mepyramine binding sites that have the 
characteristics of H r receptors (i.e., K D values in the 
nanomolar range) and to mediate functional responses, 
which are clearly produced by histamine H r receptor 
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Receptor 



Location 



Response 



Agonists 



Antagonists 



Histamine H, 



Histamine H., 



Histamine 



Most smooth muscle, 
endothelial cells, 
adrenal medulla, 
heart, CNS 



Gastric parietal cells, 
vascular smooth 
muscle, suppressor T 
cells, neutrophils, 
CNS, heart, uterus 
(rat) 



CNS, peripheral nerves 
(heart, lung, 
gastrointestinal tract), 
endothelium, 
enterochromafFin cells 



Smooth muscle contraction, 
stimulation of NO formation, 
endothelial cell contraction, 
increased vascular permeability, 
stimulation of hormone release, 
negative inotropism, depolarization 
(block of leak potassium current) and 
increased neuronal firing, inositol 
phospholipid hydrolysis and calcium 
mobilization, hyperpolarization by 
Ca~ + -dependent potassium current 

Stimulation of gastric acid secretion, 
smooth muscle relaxation, 
stimulation of adenylyl cyclase, 
positive chronotropic and inotropic 
effects on cardiac muscle, decreased 
firing rate, hyperpolarization or 
facilitation of signal transduction in 
CNS, block of Ca 2+ -dependent 
potassium conductance (I AHP, 
accommodation of firing, after- 
hyperpolarization), increase of 
hyperpolarization-activated current, 
inhibition of lymphocyte function 

Inhibition of neurotransmitter release, 
endothelium-dependent relaxation of 
rabbit middle cerebral artery, 
inhibition of gastric acid secretion 
(dog), increase in smooth muscle 
voltage-dependent Ca 2+ current, 
inhibition of firing of 
tuberomammilary (histaminergic) 



Histamine 3 

2-[3-(Trifluoromethyl)- 

phenyljhistamine 
2-Thiazolylethylamine 
2-Pyridylethylamine 
2-Methylhistamine 



Histamine 11 

Amthamine 

Dimaprit 

Impromidine 3 

Arpromidine b 



Histamine 8 

R-a-methylhistanrine 

Imetit 

Immepip 

N^-methylhistamine 0 



Mepyramine 
(+) and (-) 

Chlorpheniramine 
Triprolidine 
Temelastine 
Diphenhydramine 
Promethazine 



Cimetidine 

Ranitidine 

Tiotidine 

Zolantidine 

Famotidine 



Thioperamide 
Clobenpropit 
Iodophenpropit 
Iodoproxyfan 



CNS, central nervous system. 
a Nonselective. 
b //3-antagonist. 



4 or 5 CH 2 -CH 2 -NH 2 

{tele)' N^/N n (pros) 
2 

Fig. 1. Numbering for histamine derivatives. 



activation (Dickenson and Hill, 1992; White et al, 1993; 
Dickenson and Hill, 1994). 

Other radioligands that have been used to study his- 
tamine Hi-receptors are [ 3 H] mianserin (Peroutka and 
Snyder, 1981), [ 3 H]doxepin (Tran et al, 1981; Kamba and 
Richelson, 1984; Taylor and Richelson, 1982), [ 125 I]iodobo- 
lpyramine (Bouthenet et al, 1988), [ 125 I]iodoazidophen- 
pyramine (Ruat et al., 1988), and [ 3 H](+)-N-methyl-4- 
methyldiphenhydramine (Treherne and Young, 1988b). 
[ 125 I]Iodobolpyramine has been used for autoradiographic 
localization of H r receptors in guinea pig brain, although 
less success has been achieved in rat brain (Korner et al., 



1986; Bouthenet et al., 1988). The very slow dissociation of 
[ 3 H] mepyramine from H r receptors at low temperatures 
(e.g., 4°C) does, however, mean that this ligand can also be 
used for autoradiography (Palacios et al., 1981a,b; Rotter 
and Frostholm, 1986). [ 125 I]Iodoazidophenpyramine is a 
very potent H r receptor antagonist that can bind irrevers- 
ibly to Hi-receptors following irradiation with ultraviolet 
light (Ruat et al., 1988). [ n C)Mepyramine and ["Cjdox- 
epin have also proved useful for imaging histamine Hj- 
receptors in the living human brain (Villemagne et al., 
1991; Yanai et al., 1992, 1995). 

H r receptors have been extensively studied in blood 
vessels (Barger and Dale, 1910; Dale and Laidlaw, 1910; 
Folkow et al, 1948; Black et al., 1972) and other smooth 
muscle preparations (Ash and Schild, 1966; Black et al., 
1972; Marshall, 1955; Hill, 1990). In smooth muscles, 
such as the guinea pig ileum, which freely generate 
muscle action potentials, modulation of action-potential 
discharge by low concentrations of histamine is an im- 
portant mechanism by which tension is increased 
(Bolton, 1979; Bolton et al., 1981; Biilbring and Burn- 
stock, 1960). In guinea pig ileum, there is also evidence 
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that a component of the contractile response to hista- 
mine is mediated by inositol 1,4,5-trisphosphate-in- 
duced mobilization of intracellular calcium (Morel et al., 
1987; Bolton and Lirn, 1989; Donaldson and Hill, 1986b). 
In nonexcitable smooth muscles, such as airway and vas- 
cular smooth muscle, contractile responses to H r receptor 
stimulation primarily involve mobilization of calcium from 
intracellular stores as a consequence of inositol phospho- 
lipid hydrolysis (Matsumoto et al., 1986; Kotlikoff et al, 
1987; Takuwa et al., 1987; Hall and Hill, 1988; Paniettieri 
et al., 1989; Van Amsterdam et al., 1989). 

In vascular endothelial cells, H r receptor stimulation 
leads to several cellular responses including: (a) changes 
in vascular permeability (particularly in postcapillary 
venules) as a result of endothelial cell contraction (Ma- 
jno and Palade, 1961; Majno et al., 1968; Meyrick and 
Brigham, 1983; Grega, 1986; Killackey et al., 1986; 
Svensjo and Grega, 1986); (6) prostacyclin synthesis 
(Mclntyre et al., 1985; Brotherton, 1986; Carter et al., 
1988; Resink et al., 1987); (c) synthesis of platelet-acti- 
vating factor (Mclntyre et al., 1985); id) release of Von 
Willebrand factor (Hamilton and Sims, 1987); and (e) 
release of nitric oxide (Van De Voorde and Leusen, 1993; 
Toda, 1984). The Hrreceptor has also been character- 
ized on human T lymphocytes using [ 125 I]iodobolpyra- 
mine (Villemain et al., 1990) and shown to increase 
[Ca 2+ ]i (Kitamura et al, 1996). 

Histamine H x -receptors have long been established to 
be present in the adrenal medulla and to elicit the re- 
lease of catecholamines (Emmelin and Muren, 1949; 
Staszewska-Barczak and Vane, 1965; Robinson, 1982; 
Livett and Marley, 1986; Noble et al., 1988). Thus, his- 
tamine can induce the release of both adrenaline and 
noradrenaline from cultured bovine adrenal chromaffin 
cells (Livett and Marley, 1986). In these cells, histamine 
can also stimulate phosphorylation of the catecholamine 
biosynthesis enzyme tyrosine hydroxylase via a mecha- 
nism that involves release of intracellular calcium 
(Bunn et al., 1995). In addition to its effects on catechol- 
amine synthesis and release from adrenal chromaffin 
cells, histamine can also elicit the release of leucine- and 
methionine-enkephalin (Bommer et al., 1987). Further- 
more, after prolonged exposure to histamine, there is a 
marked increase in messenger ribonucleic acid-encoding 
proenkephalin A (Bommer et al., 1987; Kley, 1988; Wan 
et al., 1989). 

In human atrial myocardium and guinea pig ventricle, 
histamine produces negative inotropic effects (Guo et al., 
1984; Genovese et al., 1988; Zavecz and Levi, 1978). In 
human myocardium, this response is associated with 
inhibitory effects on heart rate and can be unmasked 
when the positive effects of histamine on the rate and 

b Abbreviations: cAMP, cyclic adenosine 3c,5c-cyclic monophos- 
phate; cNDA, complementary deoxyribonucleic acid; CNS, central 
nervous system; DPPE, N-diethyl-2-[4-(phenylmethyl)phenoxy]ethana- 
mine; GTP-yS, guanosine 5'0-(3-thiotriphosphate); NMDA, N-methyl- 
D-aspartate; TM, transmembrane. 



force of contraction (mediated via H. r receptors) are at- 
tenuated by conjoint administration of adenosine or 
adenosine A r receptor agonists (Genovese et al., 1988). 
However, in guinea pig left atria (Reinhardt et al., 1974, 
1977; Steinberg and Holland, 1975; Hattori et al., 1983, 
1988a) and rabbit papillary muscle (Hattori et al., 
1988b). histamine produces a positive inotropic response 
via a mechanism that is not associated with a rise in 
adenosine 3c,5c-cyclic monophosphate icAMP b ) levels 
(see Hill, 1990). 

Histamine H r receptors are widely distributed in 
mammalian brain (Hill, 1990; Schwartz et al.. 1991). In 
human brain, higher densities of H r receptors are found 
in neocortex, hippocampus, nucleus accumbens. thala- 
mus, and posterior hypothalamus, whereas cerebellum 
and basal ganglia show lower densities (Chang et aL. 
1979b: Kamba and Richelson, 1984; Martinez-Mir et al.. 
1990; Villemagne et al., 1991: Yanai et al., 1992). The 
distributions in rat (Palacios et al., 1981a) and guinea 
pig (Palacios et al., 1981b; Bouthenet et aL 1988) are 
similar to each other and to humans with the exception 
that the guinea pig cerebellum shows high density (Ruat 
and Schwartz, 1989; Chang et aL 1979b; Hill and 
Young, 1980; Palacios et al., 1981b; Bouthenet et al., 
1988). In most brain areas, there was overlap of Hi- 
receptor binding sites and messenger ribonucleic acid 
levels except in hippocampus and cerebellum in which 
the discrepancy is likely to reflect the presence of abun- 
dant H r receptors in dendrites of pyramidal and Pur- 
kinje cells, respectively (Traiffort et al., 1994). Hista- 
mine H r receptor activation causes inhibition of firing 
and hyperpolarization in hippocampal neurons (Haas, 
1981) and an apamine-sensitive outward current in ol- 
factory bulb interneurons (Jahn et aL, 1995), effects 
most likely produced by intracellular Ca 2 " release. How- 
ever, many other notably vegetative ganglia (Christian 
et al., 1989), hypothalamic supraoptic (Haas et al., 
1975), brainstem (Gerber et aL, 1990; Khateb et aL, 
1990), thalamic (McCormick and Williamson, 1991), and 
human cortical neurons (Reiner and Kamondi, 1994) are 
excited by histamine Hi-receptor activation through a 
block of a potassium conductance. 

B. H r Selective Ligands 

Although a large number of compounds have been 
synthesized as selective and competitive antagonists of 
the histamine Hi-receptor (see for example Casy, 1977; 
Ganellin, 1982), chemical effort directed at the genera- 
tion of highly potent and selective H r receptor agonists 
has not achieved the same success. Modification of the 
ethylamine side chain of histamine is not favorable for 
Hi-receptor agonism (Leurs et al., 1995b). Furthermore, 
resolution of the enantiomers of the chiral compounds 
generated by methylation of the a- or /3-positions did not 
reveal any stereoselectivity of the side chain for the 
Hi-receptor (Arrang et aL, 1987; Leurs et aL, 1995). 
Alkylation of the side chain amine group does not dras- 
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.tically reduce H r receptor activity, but N a - and N".N ( '- 
dimethylhistamine are also potent agonists for the H :y 
receptor (table 2; fig. 2; Arrang et al., 1983). Modification 
of the imidazole moiety of histamine has been the most 
successful approach for obtaining agonists with selectiv- 
ity for the H r receptor. Replacement of the imidazole 
moiety of histamine by other aromatic heterocyclic ring 
structures in 2-pyridylethylamine and 2-thiazolyIethyl- 
amine yields two compounds with selectivity for the 
H r receptor (table 2; fig. 2). Both compounds act as full 
agonists in producing contraction of guinea pig ileum 
(Donaldson and Hill, 1986c), but in other tissues 'e.g.. 
guinea pig cerebral cortical slices or DD^MF-2 cells). 
2-pyridylethylamine behaves as a low-efficacy agonist 
(Donaldson and Hill, 1986a; White et aL, 1993). Substi- 
tutions in the 2-position of the imidazole ring of hista- 
mine have produced compounds that are the most selec- 
tive H r agonists available (Zingel et al., 1995). Thus. 
2(3-bromophenyl)histamine and 2[3-(trifluoromethyD- 
phenyl]histamine are both relatively potent and highly 
selective Hi-agonists (table 2; fig. 2; Leschke et al., 
1995). Both compounds appear to be potent Hragonists 
in guinea pig ileum (Leschke et al., 1995), although some 
of the halogenated 2-phenylhistamines are low-efficacy 
agonists in DD^MF-2 cells (Zingel et al., 1990; White et 

TABLE 2 



Agonist potency ratios of histamine receptors 



Histamine 


Hi 
100 


H 2 
100 


fi 3 
100 


2-(3-(Trifluoromethyl)phenyl)- 


128 a 


<0.1° 


n.d. 


histamine 








2-(3-Bromophenyl)histamine 


112 a 


<0.1 a 


n.d. 


N a -methylhistamine 


72 b 


74 c 


270 d 


2-(2-Thiazolyl)ethylamine 


26 b 


2.2 b 


<0.008 d 


2-Methylhistamine 


17 c 


4 C 


<0.08 d 


2-(2-Pyridyl)ethylamine 


5.6 b 


2.5 b 


n.d. 


Arpromidine 


Antagonist* 


10,230 c 




Impromidine 


Antagonist 


4,810 f 


Antagonist* 1 ° 


Sopromidine 


2 B 


740 g 


Antagonist* 1 * 


Amthamine 


1* 


150* 


0.002* 


Dimaprit 


<0.0001 j 


71 j 


Antagonist dq 


4-Methylhistamine 


0.2 C 


43 c 


<0.008 d 


Imetit 


<0.1 k 


0.6 k 


6200 k 


Immepip 


n.d. 


n.d. 


2457 1 


R-a-methylhistamine 


0.5 m 


l m 


1550 m 


S-a-methylhistamine 


0.5 b 


1.7 b 


13 m 


R-a,S-/3-dimethylhistamine 


0.07 n 


0.1" 


1800 n 



Values determined from guinea pig ileum contraction (Hi), guinea 
pig atrium (chronotropic stimulation, H 2 ), and inhibition of K*- 
stimulated histamine release from rat cerebral cortical slices (H 3 ), or 
inhibition of electrically stimulated contraction of guinea pig ileum 
{H 3 ). n.d., not determined. 

a Leschke et al. (1995) ■ Elz et al. (1989) m Arrang et al. (1987) 
b Ganelin (1982) h Arrang et al. (1985c) n Lipp et al. (1992) 

c Black et al. (1972) i Eriks et al. ( 1992) ° See table 4. 
d Arang et al. (1983) i Durant et al. (1977) p K B = 56 nM. 
e Sellier et al. (1992) k Garbarg et al. (1992) q K B = 3 /xM. 
f Durant et al. (1978) 1 Vollinga et al. (1994) 



al., 1993) and in guinea pig aorta (Leschke et al., 1995) 
and can exhibit partial agonist properties. 

Mepyramine (also known as pyrilamine) is the refer- 
ence selective and high-affinity H r receptor antagonist 
(table 3; Hill, 1990). Other classical H r antagonists that 
have been used for characterization purposes include 
chlorpheniramine, tripelennamine. promethazine, and 
diphenhydramine ffig. 3). Some of these, however, pos- 
sess marked muscarinic receptor antagonist properties 
(Hill, 1990, 1987), and consequently the selectivity of 
these compounds between the three different histamine 
receptors (table 3) does not guarantee an unambiguous 
characterization. This can only be achieved by appropri- 
ate quantitative assessment of receptor antagonism, 
preferably with a range of compounds of very different 
chemical structure. The stereoisomers of chlorphenira- 
mine are particularly useful in this regard (table 3). The 
enantiomers of 4-methyl-diphenhydramine and brom- 
pheniramine also differ by two orders of magnitude in 
their affinity for the H r receptor (Chang et al., 1979b; 
Treherne and Young, 1988b). The geometric isomer 
trans-triprolidine is three orders of magnitude more po- 
tent than its cis counterpart and is one of the most 
potent H r antagonists available for the guinea pig Hi- 
receptor (tables 3 and 4; Ison et al., 1973). The tricyclic 
antidepressants amitriptyline and doxepin are also very 
potent Hrreceptor antagonists (K D 0.6 and 0.1 nM re- 
spectively; Figge et al, 1979; Aceves et al, 1985). 

At therapeutic dosages, many of the classical ^-an- 
tihistamines give rise to sedative side effects that have 
been attributed to occupancy of H r receptors in the cen- 
tral nervous system (CNS) (Schwartz et al., 1981; Ni- 
cholson et al., 1991; Leurs et al., 1995b). Most of the 
classical ^-antihistamines, including promethazine 
and ( + )-chlorpheniramine, readily cross the blood-brain 
barrier. However, several compounds that penetrate 
poorly into the CNS and appear to be devoid of central 
depressant effects are now available (fig. 4). These in- 
clude terfenadine (Rose et al., 1982; Wiech and Martin, 
1982), astemizole (Laduron et al., 1982; Niemegeers et 
aL, 1982), mequitazine (Uzan and Le Fer, 1979), lorata- 
dine (Ahn and Barnett, 1986), acrivastine (Leighton et 
al, 1983; Cohen et al., 1985), cetirizine (Timmerman, 
1992b), and temelastine (Brown et al, 1986; Calcutt et 
al., 1987). The pKi values for these agents are given in 
table 5 (Ter Laak et al., 1994). 

C. Receptor Structure 

Photoaffinity binding studies using [ 125 I]iodoazido- 
phenpyramine and subsequent sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis analysis have indi- 
cated that the Hrreceptor protein has a molecular 
weight of 56 kDa under reducing conditions in rat, 
guinea pig, and mouse brain (Ruat et al., 1988, 1990b; 
Ruat and Schwartz, 1989). Similarly, studies in bovine 
adrenal medullar membranes with another photoaffin- 
ity ligand [ 3 H]azidobenzamide (Yamashita et al., 1991b) 
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CH,CH : NH 2 



2-(3-Trifluoro methyl 
phcnyl)histamine 



CH 2 CH : NH 2 



HN^N 
CH 3 



2-Methylhistamine 



HN . N 



CH 2 CH 2 NH 2 



Br 



2-(3-Bromophenyl)- 
histamine 



CH 2 CH 2 NH, 



2-(2-Pyridylethyl)amine 




CH 2 CH 2 NHCH 3 



HN^N 



CH 2 CH 2 NH 2 



N 



N a -Mcthylhistaminc 2-< 2-Thiazolyiethyl)amine 



CH,C1-UCH 2 NHCNHCH ; CH : CH 




HN^N 



NH 




Arpromidine 



CH,CH~C!l 2 NIICNHC:i 2 CH 2 SCII 2 C lh 

I: Nil K \„, 



UN.. „. N 



N^NIl 



CM 2 CIINHCNHCH 2 CH 2 SCH 2 v£Hj 



HN ' N CM, Nil 



Impromidinc 



CH 3 . CH 2 CH 2 NH 2 
Nil 2 

Amthaminc 



,CH 2 CH 2 CH 2 N(CH 3 ) 2 

X 
ll 2 N^ Nil 

Dinuiprit 



HN^N CH 3 H 



Sopromidinc (* :R cliiralily) 



CH 



i 3n CH 2 CH 2 NH 2 



N. Nil 



4-Mclhylliistammc 



ci-. 2 _ c / N ^ 



HN^N CH 3 H 



H3C, - H 
HN^N CH, H 



,c-^ NH2 



,CII 2 CH 2 SC' 



.Nil 
NH, 



HN^N 



Inietit 

A; 



HN^N 



Immepip (R).a-Mctl.ylhislaminc (S)-a-Mcthyll.islaminc Immepyr 



(Ra, SP)-o,P-Dimcthylhistaminc 

FiO. 2. Histamine receptor agonists (H„ H 2 , and H 3 ). 
u • m to 58 kDa cological characteristics of the H 1 -receptor in this tissue 

although there is no obvious difference in me pu*n 
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TABLE 3 

Antagonist dissociation constants at histamine receptors 







K n values 






Hi 




H 2 


Doxepin 


0.06 nM a 


n.d. 


n.d. 


Triprolidine (trans) 


0.1 nM b 


n.d. 


n.d. 


Temelastine 


0.3 nM c 


>10 jxM c 


n.d. 


Mepyramine (pyrilamine) 


0.4 nM d 


5.2 M M V 


>1 M M r 


(+ )-Chlorpheniramine 


0.4 nM B 


1.2 fxM h 


>58 nM j 


I - ^Chlorpheniramine 


204 nM G 


1.2 M M h 


>58 nM j 


Diphenhydramine 


1.0 nM J 


« A 

n.d. 


n.d. 


Promethazine 


1.2 nM k 


3.0 mM 1 


n.d. 


Chlorpromazine 


1.2 nM k 


5.9 jiM 1 


n.d. 


Tripelenamine 


3.2 nM d 


n.d. 


n.d. 


Arpromidine 


20 nM m 


agonist"' 1 




Cimetidine 


450 mM" 


800 nM" 


33 


Metiamide 


n.d. 


920 nM <J 


2.5 mM j 


Ranitidine 


>100 jllM p 


200 nM' 1 


>1.2 


Famotidine 


~ A 

n.d. 


1 / m\i H 


_ . A 

n.d. 


Zolantidine 


6.2 tiM r 


25 nM r 


>10 mM s 


Mifentidine 


>24 fi.M l 


24 nM 1 


100 nM s 


Tiotidine 


>30 /JVT 


15 nM v 


>12 fxM 1 


Iodoaminopotentidine 


1.1 /xM w 


2.5 nM w 


n.d. 


Impromidine 


3.4 jllM x 


agonist" 


65 nM' 


Burimamide 


320 v.M y 


7.8 plM z 


70 nM* 


Thioperamide 


>100 /iM oa 


>10 /iM" 


4 nM ao 


Iodophenpropit 


n.d. 


n.d. 


0.25 nM ab 


Clobenpropit 


>10 ^M ac 


>10 ^M oc 


0.13 nM ac 


Iodoproxyfan 


1.4 /xM od 


5.3 jLtM ad 


5 nM ad - ae 


Impentamine 


126 AiM ae 


250 M M ae 


4 nM oe 


GR174737 


>10 ^M af 


>10 /xM af 


8 nM af 



Values determined in functional assays from guinea pig ileum 
contraction (H x ), biochemical determinations in guinea pig cerebral 
cortical slices (Hj), chronotropic responses in guinea pig atria (H 2 ), 
cyclic AMP accumulation in guinea pig hippocampal slices (H 2 ), 
inhibition of histamine release in rat cerebral cortical slices (H 3 ), and 
inhibition of transmurally stimulated guinea pig ileum (H 3 ). n.d., not 
determined. 



a Figge et al. (1979) 

b Ison et al. (1973) 

c Brown et al. (1986) 

d Marshall (1955) 

e Trendelenburg (1960) 

f Hew et al. (1990) 

g Hill et al. (1981) 

h Hill (1990) 

* Arrang et al. (1983) 

j Ganellin (1982) 

k Hill and Young (1981) 

1 Tuong et al. (1980) 

m Sellier et ai. (1992) 

n Brimblecombe et al. (1975) 

° Black et al. (1974) 

p Cavanagh et al. (1983) 

q Takeda et al. (1982) 



r Calcutt et al. (1988) 
8 Schwartz et al. (1990) 
'Donetti et al. (1984) 
u Donaldson et al. (1988) 
v Yellin et al. (1979) 
w Hirschfeld et al. (1992) 
x Durant et al. (1978) 
y Buschauer et al. (1992) 
'Black et al. (1972) 
aa Arrang et al. (1987) 
ab Jansen et al. (1992) 
ac Van der Goot et al. (1992) 
ad Ligneau et al. (1994) 
" Vollinga et al. (1995) 
af Clitherow et al. (1996) 
ag Stark et al. (1996a) 
ah Buschauer (1989) 



quence represents a 491 amino acid protein with a cal- 
culated molecular weight of 56 kDa (table 6). The pro- 
tein has the seven putative transmembrane (TM) 
domains expected of a G-protein- coupled receptor and 
possesses N-tercninal glycosylation sites, A striking fea- 
ture of the proposed structure is the very large third 



intracellular loop (212 amino acids) and relatively short 
(17 amino acids) intracellular C terminal tail. The avail- 
ability of the bovine sequence and lack of introns has 
enabled the Hx-receptor to be cloned from several spe- 
cies (table 6) including rat (Fujimoto et al., 1993), guinea 
pig (Horio et al., 1993; Traiffort et al., 1994), mouse 
(Inove et al., 1996), and human (De Backer et al., 1993; 
Fukui et al., 1994; Moguilevsky et al., 1994; Smit et al., 
1996c). The human histamine H r receptor gene has now 
been localized to chromosome 3 bands 3pl4-p21 (Le Co- 
niat et al., 1994). 

At the present time, these different clones should be 
regarded as true species homologues of the histamine 
H r receptor, even though there are notable differences 
between them in some antagonist potencies (table 4). 
Unfortunately, the number of Hrreceptor antagonists 
evaluated in binding studies in cells transfected with the 
different recombinant receptors is rather limited. Nev- 
ertheless, it is clear that the stereoisomers of chlorphe- 
niramine show marked differences between species. For 
example, the guinea pig H 1 -receptor has a K D of 0.9 nM 
for ( + Chlorpheniramine, whereas for the rat Hrrecep- 
tor, the value is nearer 8 nM (table 4). Similar differences 
for this compound and others (notably mepyramine and 
triprolidine) have been reported for the native H 1 -recep- 
tors in guinea pig and rat brain, respectively (table 4; 
Chang et al., 1979b; Hill and Young, 1980; Hill, 1990). 
Such species differences may also explain why 
[ 125 I]iodobolpyramine can label guinea pig CNS H r re- 
ceptors but is unable to detect H 1 -receptors in rat brain 
(Korner et al., 1986; Bouthenet et al., 1988). The native 
H 1 -receptor protein has been solubilized from both 
guinea pig and rat brain membranes (Toll and Snyder, 
1982; Treherne and Young, 1988a), and the solubilized 
receptor retains the same differences in H r antagonist 
potency for (+)-chlorpheniramine as that observed in 
membranes (Toll and Snyder, 1982). What is not clear, 
however, is why mepyramine appears to be more potent 
as an antagonist of the recombinant rat H x -receptor 
(expressed in C6 cells) than it is of the native Hi-recep- 
tor in rat brain membranes (table 4; Chang et al., 1979b; 
Hill and Young, 1980; Fujimoto et al., 1993). The recom- 
binant study performed in rat C6 cells (Fujimoto et al., 
1993) is complicated by the presence of a low level of 
endogenous H^-receptors (Peakman and Hill, 1994), but 
a high affinity for mepyramine (K D = 1 nM) has been 
deduced from functional studies in untransfected C6 
cells (table 4; Peakman and Hill, 1994). 

Site-directed mutagenesis has begun to shed some 
light on the binding domains for H r agonists and -an- 
tagonists. Amino acid sequence alignment of the cloned 
histamine Hj- and H 2 -receptors (see fig. 5) has led to the 
suggestion that the third (TM3) and fifth (TM5) trans- 
membrane domains of the receptor proteins are respon- 
sible for binding histamine (Birdsall, 1991; Timmerman, 
1992a). Aspartate (107) in TM3 of the human Hi-recep- 
tor, which is conserved in all aminergic receptors, has 
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Fig. 3. Histamine H r receptor antagonists. 
TABLE 4 



Antagonist 



Mepyramine 
(+)-Chlorphe 
(-)-Chlorph€ 
Triprolidine 



Guinea pig 


Human 


Rat 






Bovine 


(CHO) 


Hi b (brain) 


hi 
(CHO) 


H t (brain) 


h x (C6) 


Hj (brain) 


h, (COS-7) 


HI (Adrenal 
Medulla) 


0.7 
0.9 
103 
0.7 


0.8 
0.8 
200 
0.2 


1.1, 4.0 
3.5, 2.5 
316 
1.0 


1.0 
4.2 
350 
3.7 


1.7(1.0)° 
7.5 (4.4) c 
540(>620) c 
2.0 


9.1 
9.1 
500 
5.6 


2.6 
8.0 
760 
n.d. 


0.9 
4.4 
350 
0.8 



Unless otherwise stated, values show K, determinations from inhibition of I'fflmepyramine binding, n.d., not determined. 
■ hj = transfected Hj -receptor cDNA. 

cV^sfn" 
& Hill, 1994). 



been shown to be essential for the binding of histamine 
and Hrreceptor antagonists to the H r receptor (Ohta et 
al., 1994). In the a 2 - and ^-adrenoceptors, two serine 
residues in TM5 accept the phenolic hydroxyl groups of 
the catechol ring of noradrenaline. In the Hj-receptor, 
the residues corresponding to asparagine (198) and 
threonine (194) are in corresponding positions in TM5 of 
the human H r receptor. However, substitution of an ala- 
nine for threonine (194) did not influence either agonist 
or antagonist binding (Ohta et al., 1994; Moguilevsky et 
al., 1995). Substitution of alanine (198) for asparagine 



(198) substantially decreased agonist, but not antago- 
nist affinity (Ohta et al., 1994; Moguilevsky et al., 1995). 
Similar mutations to the corresponding residues (threo- 
nine (203) and asparagine (207) in the guinea pig H r 
receptor sequence produce very similar results (Leurs et 
al., 1994a). It is interesting to note, however, that 
whereas 2-methylhistamine is similarly affected by the 
asparagine 207 alanine mutation, the r^-selective ago- 
nists 2-thiazolylethylamine, 2-pyridylethylamine, and 
2-(3-bromophenyl)histamine are much less affected by 
this mutation (Leurs et al., 1994a). These data suggest 
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Fig. 4. "Nonsedating" H l -receptor antagonists. \ The pharmaceutical product may be a mix of (E) and fZ) forms. 



TABLE 5 
"Nonsedating" H r receptor antagonists 



Agent 


pKj value 


Reference 


Temelastine 


9.5 


Ter Laak et al. (1993) 


Acrivastine 


9.2 


Leurs et al. (1995b) 


Epinastine 


8.9 


Ter Laak et al. (1994) 


Astemizole 


8.3 


Ter Laak et al. (1993) 


Cetirizine 


7.5 


Ter Laak et al. (1993) 


Terfenadine 


7.1 


Ter Laak et al. (1993) 


Loratidine 


6.8 


Ter Laak et al. (1993) 



Values are pKi (-log dissociation constant) determined from in- 
hibition of [ 3 H]mepyramine binding in homogenates of guinea pig 
cerebellum. 



that asparagine (207) interacts with the N T -nitrogen of 
the imidazole ring of histamine. Furthermore, Leurs et 
al. (1995a) have recently shown that lysine (200) inter- 
acts with the N^-nitrogen of histamine and is important 
for the activation of the H 1 -receptor by histamine and 
the nonimidazole agonist, 2-pyridylethylamine. Inter- 
estingly, however, the lysine (200) alanine mutation did 
not alter the binding affinity of 2-pyridylethylamine to 
the guinea pig H x -receptor (Leurs et al., 1995). 



D. Signal Transduction Mechanisms 

The primary mechanism by which histamine Hi-re- 
ceptors produce functional responses in cells is the acti- 
vation of phospholipase C via a pertussis toxin-insensi- 
tive G-protein that is probably related to the G q/1 1 family 
of G-proteins (Hill, 1990; Leurs et al., 1995b). The num- 
ber of tissues and cell types in which a histamine H x - 
receptor-mediated increase in either inositol phosphate 
accumulation or intracellular calcium mobilization has 
been described is extensive, and further details are pro- 
vided in several comprehensive reviews (Hill, 1990; Hill 
and Donaldson, 1992; Leurs et al., 1995b). Stimulation 
by histamine of [ 3 H]inositol phosphate accumulation 
and calcium mobilization has also been observed in Chi- 
nese hamster ovary (CHO) cells transfected with the 
human, bovine, and guinea pig Hi-receptor complemen- 
tary deoxyribonucleic acid (cDNA) (Leurs et al., 1994c; 
Smit et al., 1996c; Iredale et al., 1993; Megson et al., 
1995). It is worth noting, however, that in some tissues, 
histamine can stimulate inositol phospholipid hydroly- 
sis independently of Hi-receptors. Thus, in the longitu- 
dinal smooth muscle of guinea pig ileum and neonatal 
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TABLE 6 

Comparison of recombinant histamine receptors 



Receptor 



Species 



Tissue of origin 



Amino 3cid 
residues 



Calculated mean 
weight ikDiii 



Accession 
number 



"t Homology 
to human 



H, -receptor 



H. 2 - receptor 



Human 
Bovine 
Rat 

Guinea pig 

Mouse 

Human 

Canine 

Rat 

Guinea pig 
Mouse 



Genomic 11 

Adrenal medulla b 

Genomic 6 

Genomic* 1 

Genomic 1 

Genomic 0 

Genomic f 

Genomic* 

Liver h 

Genomic* 



487 
491 
486 
488 
489 
359 
359 
353 
359 
359 



55.7 
55.9 
55.6 
55.6 
55.6 
40.1 
40.2 
40.2 
405 
40.4 



P35367 
P30546 
P31390 
P31389 
D50095 
P25021 
P17124 
P25102 
JC4120 
D50096 



100 
89.9 
87.8 
82.9 
84.0 

100 
92.5 
91.1 
93.3 
91.1 



1 De Backer et al. (1993) 
" Yamashita et al. (1991b) 
c Fujimoco et al. (1993) 
d Horio et al. H993) 



ti Gantz et al. (1991b) 
f Gantz et al. (1991a) 
eRuat et al. (1991) 



... -i) MSLP*:SSCLL EDKMCEGNKT TMASFGLMPL VWLST1CJA' TVGU^LVI.Y 
H2 lit MAPNGTASSFCL DSTACJC ITI TWLAVLILI TVAGWWCI, 



H< {5-1 AVRSERKLHT VGNLYIVSLS VADLIVGAW MPMNILYLLM SKHSLCRPr^C 
H2 [A2 > AVGi-NHULRK t.TMCFIV SIA ITPLLLGLLV LPFSAIYQLS CJCWSFGKVFC 

III 

Hl ( 10 i) L FWLSMDYVA STASIFSVFI LCI DRYRSVQ QPLRYLKYRT KTRA2ATILG 
H 2 (92) NIYTSLDVML CTASILMLFM ISLDRYCAVN DPLRYPVLVT PVRvAISLVL 



H1 (1SM AHFL.SF . LWV1 PI ■ LGV WHFMQ QTSV . . RREDKC ETDFYDVTHF KVMTAI INFY 
H2 U42) IWVISITLSFL S1HLGWH S.RH ETSKGNHTTSKC KVQVNEV . . Y SLVDGLVTrT 

HI (201) LPTLI2ILWFY AXIYKAVRQH CQHRELIHRS LPSFSEIKLR PENPKGDAKK 
H2 (19 3) LPLLIHCITY YR IFKVARDQ AKMNHX 

HI (251) PGKESPWEVL KRKPKDAGGG SVLKSPSQTP KEMKSPWFS QEDDSEVDKL 

H2 

HI (301) YCFPLDIVHM QAAAEGSSRD YVAVNRSHGQ LKTDEOGLNT HGASEISEDQ 

H2 (220) SSWK AATI 

HI (351) MLGDSQSFSR TDSDTTTETA PGKGKLRSGS NTGLDYIKFT WKRLRSHSSQ 



HI (401) YVSGUOWM RKAAKQLGFI MAAFILCWIP YFIFFMVIAF . CKNCCNEKLH 
H2 ( 2 2 fl I RE ttttATV TXAAV MGA7I1CWFP YFTAFVYRG L RGDDAIHEVLE 



HI (451) MFTIWLGYIN STLNPLIYPL CNEKFKKTFK RILHIRS 

H2 (271) AIVLWLCYAM SAJLNPILYAA LHRD7RTGYQ QLFCCRLANR NSHKTSLRSN 



H2 (3 20) ASQLSRTOSR EPRQQEEKPL KUJVWSGTEV TAPQGATDR 



Fig. 5. Alignment of amino acid sequences of the human hista- 
mine H r and H 2 -receptors. Residues that are identical in the two 
sequences are shown in bold. Lines show the putative transmem- 
brane spanning domains. 

rat brain (Donaldson and Hill, 1985, 1986b; Claro et al., 
1987), a component can be identified in the response to 
histamine that is resistant to inhibition by H r receptor 
antagonists. It remains to be established, however, 
whether these effects are due to u tyramine-like" effects 
of histamine on neurotransmitter release (Bailey et al., 
1987; Young et al., 1988a) or direct effects of histamine 
on the associated G-proteins (Seifert et al., 1994). 

In addition to effects on the inositol phospholipid sig- 
naling systems, histamine H r receptor activation can 



h Traiffort et al. "1995) 

' Inove et al. (1996) 

j Kobavashi et al. 1 1996) 



lead to activation of several other signaling pathways, 
many of which appear to be secondary to changes in 
intracellular calcium concentration or the activation of 
protein kinase C. Thus, histamine can stimulate nitric 
oxide synthase activity (via a Ca 2- 7calmodulin-depen- 
dent pathway) and subsequent activation of soluble gua- 
nylyl cyclase in a variety of different cell types (Schmidt 
et al., 1990; Leurs et al., 1991a; Yuan et al., 1993; Casale 
et al, 1985; Duncan et al., 1980; Hattori et al., 1990; 
Sertl'et al., 1987). Arachidonic acid release and the 
synthesis of arachidonic acid metabolites such as pros- 
tacyclin and thromboxane A 2 can also be enhanced by 
Hi-receptor stimulation (Carter et al, 1988; Resink et 
al., 1987; Leurs et al., 1994c; Muriyama et al, 1990). 
Interestingly, in CHO-K1 cells transfected with the 
guinea pig Hrreceptor, the histamine-stimulated re- 
lease of arachidonic acid is partially inhibited (approxi- 
mately 40%) by pertussis toxin, whereas the same re- 
sponse in HeLa cells possessing a. native H r receptor 
was resistant to pertussis toxin treatment (Leurs et al., 
1994c). The reason for this difference remains to be 
established, but it does caution against the use of signal 
transduction pathways in highly expressed recombinant 
cell systems as a primary receptor classification tool. 
This point is best illustrated by the fact that in intact 
cellular systems, Hrreceptor activation can produce 
substantial changes in the intracellular levels of cAMP. 
In most tissues, histamine H r receptor activation does 
not activate adenylyl cyclase directly but acts to amplify 
direct cAMP responses to histamine H 2 -, adenosine A 2 -, 
and vasoactive intestinal polypeptide receptors (Pala- 
cios et al., 1978; Al-Gadi and Hill, 1987, 1985; Donaldson 
et al., 1989; Garbarg and Schwartz, 1988; Magistretti 
and Schorderet, 1985; Marley et al., 1991). In many of 
these cases, a role for both intracellular Ca 2+ ions and 
protein kinase C has been implicated in this augmenta- 
tion response (Al-Gadi and Hill, 1987; Schwabe et al., 
1978; Garbarg and Schwartz, 1988). In CHO cells trans- 
fected with the bovine or guinea pig H r receptor, H r 
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receptor activation can also lead to both direct cAMP 
responses and to an enhancement of forskolin-stimu- 
lated cAMP formation (Leurs et al., 1994c; Sanderson et 
al., 1996). 

III. Histamine H 2 -Receptor 

A. Distribution and Function 

Unlike the situation with H r selective radioligands, 
attempts to map the distribution of H 2 -receptors by us- 
ing radiolabeled H 2 -receptor antagonists have met with 
variable success (Hill, 1990). Thus. [ 3 H]cimetidine and 
[ 3 H]ranitidine have proved unsuitable as H. 2 -radioli- 
gands, and in the case of cimetidine, the binding to sites 
specifically labeled with the radioligand is potently in- 
hibited by imidazoles that have very low H 2 -receptor 
binding affinities (Burkard, 1978; Kendall et al., 1980; 
Smith et al., 1980; Bristow et al., 1981; Warrender et al., 
1983). More success has been achieved with [ 3 H]tioti- 
dine, which has a higher affinity for the H 2 -receptor 
(table 7) in guinea pig brain, lung parenchyma, and 
CHO-K1 cells transfected with the human H 2 -receptor 
cDNA (Gajtkowski et al., 1983; Norris et al., 1984; Sterk 
et al., 1986; Foreman et al., 1985a; Gantz et al., 1991a), 
although studies in rat brain were not successful 
(Maayani et al., 1982). At the present time, [ 125 I]iodoam- 
inopotentidine is the most successful H 2 -radioligand 
(Hirschfeld et al., 1992). It has high affinity (K D = 0.3 
nM) for the histamine H 2 -receptor in brain membranes 
(Martinez-Mir et al, 1990; Ruat et al., 1990b; Traiffort 
et al., 1992a) and CHO-K1 cells expressing the cloned 
rat H 2 -receptor (Traiffort et al., 1992b). The compound 
has also been used for autoradiographic mapping of H 2 - 
receptors in mammalian brain (Ruat et al., 1990a; Traif- 
fort et al., 1992a). In human brain, histamine H 2 -recep- 
tors are widely distributed with highest densities 
(measured using [ 125 I]iodoaminopotentidine) in the 
basal ganglia, hippocampus, amygdala, and cerebral 
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cortex (Traiffort et al., 1992a). Lowest densities were 
detected in cerebellum and hypothalamus (Traiffort et 
al., 1992a). A similar distribution has been observed in 
guinea pig brain (Ruat et al., 1990b). [ 125 I]Iodoazidopo- 
tentidine has successfully been used for irreversible la- 
beling (Ruat et al., 1990b; Hirschfeld et al., 1992). 

Most information to date on the distribution of hista- 
mine H 2 -receptor, however, has been provided by func- 
tional studies in different tissues (Hill, 1990). Histamine 
H 2 -receptor-stimulated cAMP accumulation or adenylyl 
cyclase activity has been demonstrated in a variety of 
tissues including brain (Hegstrand et al., 1976; Green et 
al., 1977; Kanof et al., 1977; Palacios et al., 1978; Gajt- 
kowski et al., 1983; Al-Gadi and Hill, 1985, 1987), gas- 
tric cells (Soil and Wollin, 1979; Gespach et al., 1982), 
and cardiac tissue (Johnson et al.. 1979a,b; Kanof and 
Greengard, 1979a; Johnson, 1982). Histamine ^-recep- 
tors have a potent effect on gastric acid secretion, and 
the inhibition of this secretory process by H 2 -receptor 
antagonists has provided evidence for an important 
physiological role of histamine in the regulation of gas- 
tric secretion (Black et al., 1972; Black and Shankley, 
1985; Soil and Berglindh, 1987). High concentrations of 
histamine are also present in cardiac tissues of most 
animal species and can mediate positive chronotropic 
and inotropic effects on atrial or ventricular tissues via 
H 2 -receptor stimulation (Black et al., 1972; Inui and 
Imamura, 1976; Levi et al, 1982; Hattori et al., 1983; 
Hattori and Levi, 1984; Hescheler et al., 1987; Levi and 
Alloatti, 1988). H 2 -receptor-mediated smooth muscle re- 
laxation has also been documented in airway, uterine, 
and vascular smooth muscle (Black et al., 1972; Rein- 
hardt and Ritter, 1979; Gross et al., 1981; Eyre and 
Chand, 1982; Edvinsson et al., 1983; Foreman et al., 
1985b; Ottosson et al., 1989). Finally, histamine H 2 - 
receptors can inhibit a variety of functions within the 
immune system (Hill, 1990). H 2 -receptors on basophils 



TABLE 7 
Histamine receptor radioligands 



Receptor Ligand K D Tissue 



H^receptor 


[ 3 H)Mepyramine 


0.8 nM 


Guinea pig brain 3 




[ 125 I] Iodobolpyramine 


0.1 nM 


Guinea pig brain b 




[ 125 IJ Iodoazidophenpyramine 


0.01 nM 


Guinea pig cerebellum c 




[ ll C]Mepyramine 


1.0 nM 


Human brain (in vivo) d 




[^ClDoxepin 
[ 3 H]Tiotidine 


0.1 nM 


Human brain (in vivo) c 


H 2 -receptor 


25 nM 


Guinea pig brain f 




[ 125 I] Iodoaminopotentidine 


0.3 nM 


Guinea pig brain c 




[ l25 I] Iodoazidopotentidine 


10 nM 


Guinea pig brain g 


// 3 -receptor 


I 3 H]R-(a)-methylhistamine 


0.5 nM 


Rat brain h 




[ 3 H]N tt -rnethyihistamine 


2.0 nM 


Rat cerebral cortex 1 




[ I25 I]Iodophenpropit 


0.3 nM 


Rat cerebral cortex J 




[ l25 I]Iodoproxyfan 


0.065 nM 


Rat striatum 11 




[ 3 H]GR168320 


0.1 nM 


Rat cerebral cortex 1 


•Hilletai. (1981) . 


'Yanai et al. (1995) 


1 Clark and Hill (1995) 




b K6rner et al. (1986) 


f Gajtkowski et al. (1983) 


j Jansen et al. (1992) 




c Ruat et al. (1988) 


8 Ruat et al. (1990a) 


k Ligneau et al. (1994) 




d Villemagne et al. (1991) 


h Arrang et al. (1990) 


'Brown et al. (1994) 
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and mast cells have been shown to negatively reflate 
the release of histamine (Bourne et al., 1971; Lichten- 
stein and Gillespie, 1975; Lett-Brown and Leonard 
1977- Ting et al., 1980; Plaut and Lichtenstein, 1982). 
Furthermore, there is increasing evidence that ^-re- 
ceptors on lymphocytes can inhibit antibody synthesis, 
T-cell proliferation, cell-mediated cytolysis, and cytokine 
production (Bourne et al., 1971; Melmon et al., 1974, 1981; 
Griswold et al., 1984; Khan et al., 1985, 1986; Sansoni et 
al 1985; Melmon and Khan, 1987). In the CNS, histamine 
H 2 -recep'tor activation can inhibit nerve cells (Haas and 
Bucher, 1975; Haas and Wolf, 1977), but the most intrigu- 
ing action is a block of the long-lasting after-hyperpolar- 
ization and the accommodation of firing, an effect with a 
remarkably long duration leading to potentiation of exci- 
tation in rodents (Haas and Konnerth, 1983; Haas and 
Greene, 1986) and human brain (Haas et al., 1988). A slow 
excitation is also common (Greene and Haas, 1989; Phelan 
et al, 1990). Synaptic transmission in the hippocampus is 
profoundly enhanced (Kostopoulos et al., 1988), and syn- 
aptic plasticity is induced or enhanced (Brown et al, 1995). 
An increase of the hyperpolarization-activated current has 
also been described in thalamic relay neurons (McCormick 
and Williamson, 1991). Indications for non-cAMP medi- 
ated actions of H 2 -receptor activation are given by Haas et 
al. (1978) and Jahn et al. (1995). 



B. H 2 -Selective Ligands 

The initial definition of the H r and H 2 -subclasses of 
histamine receptor by Ash and Schild (1966) and Black 
and colleagues (1972) led to a successful search for H 2 - 
receptor selective antagonists with clinical relevance for 
the treatment of peptic ulcer. Burimamide was the first 
compound developed that showed selectivity for the H 2 - 
receptor (Black et al., 1972), but more recent work has 
shown that this compound is a more potent H 3 -receptor 
antagonist (Arrang et al., 1983). Cimetidine and meti- 
amide were developed directly from burimamide (Black 
et al., 1974; Brimblecombe et al., 1975; Ganellin, 1978). 
Since then, a large number of compounds have been 
developed with H 2 -receptor antagonist properties [see 
Ganellin (1992) for review]. These include ranitidine 
(Bradshaw et al., 1979), tiotidine (Yellin et al., 1979), 
nizatidine (Lin et al., 1986), famotidine (Takeda et al., 
1982), and mifentidine (Donetti et al., 1984), which have 
been extensively used for characterization purposes (ta- 
ble 3; fig. 6). Iodoaminopotentidine (K D = 2.5 nM) is one 
of the most potent H 2 -receptor antagonists available, 
and, as mentioned above, this compound has been used 
as a successful radioligand (Hirschfeld et al., 1992). 
Most H 2 - receptor antagonists are polar compounds and 
penetrate poorly into the CNS. Although this property is 
of great use for selective actions on peripheral tissues 
(e.g., gastric mucosa), it does limit the use of the COm- 
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pounds for the in vivo evaluation of H 2 -receptor function 
within the CNS. However, one compound (zolantidine) is 
a potent and selective brain-penetrating histamine H 2 - 
receptor antagonist (table 3; Calcutt et al., 1988; Young 
et al., 1988b). Both cimetidine and ranitidine have been 
shown to demonstrate inverse agonism on histamine 
H 2 -receptors transfected into CHO cells (Smit et al., 
1996a). Thus, in CHO cells expressing high levels of 
H 2 -receptors, in which a considerable constitutive acti- 
vation of H 2 -receptors was demonstrated, cimetidine 
and ranitidine inhibited basal adenylyl cyclase activity 
(Smit et al., 1996a). In contrast, burimamide behaved as 
a neutral antagonist (Smit et al., 1996a). 

4-Methylhistannne was the first agonist described 
that had any selectivity for the H 2 -receptor (Black et al., 
1972), although more potent and selective H 2 -agonists 
are now available (table 2). It is noteworthy that many of 
the selective H 2 -agonists exhibit H r or // 3 -antagonist 
properties (see table 2); consequently the demonstration 
of H 2 -agonism in a given tissue or cell type needs con- 
firming with H 2 -antagonists. Impromidine is approxi- 
mately 48 times more potent than histamine in mediat- 
ing atrial chronotropic responses, but in several other 
H 2 -receptor- containing tissues, its relative potency and 
efficacy are lower (Durant et al., 1978; Leurs et al., 
1995b). A large number of impromidine analogues have 
been synthesized and evaluated for H 2 -agonism. These 
studies have led to the development of the potent H 2 - 
agonists, sopromidine and arpromidine (table 2; Tim- 
merman, 1992c). Arpromidine and analogues are poten- 
tial candidates for treatment of congestive heart failure 
(Buschauer, 1989; Buschauer and Baumann, 1991; Mor- 
sdorf et al, 1990). Another potent H 2 -agonist has been 
derived as an analogue of dimaprit by considering cyclic 
forms of the isothiourea group (Eriks et al., 1992). 

C. Receptor Structure 

Photoaffinity binding studies using [ 125 I]iodoazidopo- 
tentidine and sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis have suggested that the H 2 -receptor in 
guinea pig hippocampus and striatum has a molecular 
weight of 59 kDa (Ruat et al., 1990b). However, compar- 
ison with the calculated molecular weights (40.2 to 40.5 
kDa) for the recently cloned H 2 -receptors (table 6) sug- 
gests that the native H 2 -receptor in guinea pig brain is 
glycosylated. Consistent with this proposal, it is note- 
worthy that all of the cloned H 2 -receptor proteins pos- 
sess N-glycosylation sites in the N-terminus region 
(Gantz et al., 1991a,b; Ruat et al., 1991; Traiffort et al., 
1995). Removal of these glycosylation sites by site-di- 
rected mutagenesis, however, has shown that N-glyco- 
sylation of the H 2 -receptor is not essential for cell sur- 
face localization, ligand binding, or coupling via G s to 
adenylyl cyclase (Fukushima et al., 1995). 

The H 2 -receptor was first cloned by Gantz and col- 
leagues using the polymerase chain reaction to amplify a 
partial length H 2 -receptor sequence from canine gastric 



parietal cDNA using degenerate oligonucleotide primers 
(Gantz et al., 1991b). This sequence was then used to 
identify a full length H 2 -receptor clone following screen- 
ing of a canine genomic library (Gantz et al., 1991b). 
Rapid cloning of the rat, human, guinea pig, and mouse 
H 2 -receptors followed (Gantz et al., 1991a; Ruat et al.. 
1991; Traiffort et al.. 1995; Kobayashi et al., 1996). 
These DNA sequences encode for a 359 (canine, human, 
guinea pig) or 358 (rat) receptor protein that has the 
general characteristics of a G-protein-coupled receptor. 
The most notable difference between the structure of the 
cloned H 2 - and H r receptors is the much shorter 3 rd intra- 
cellular loop of the H 2 -receptor and the longer H 2 -receptor 
C terminus. Expression of the rat and human H 2 -receptor 
proteins in CHO cells has revealed the expected pharma- 
cological specificity of H 2 -receptors as judged by radioli- 
gand binding studies using [ 125 I]iodoaminopotentidine 
(Traiffort et al., 1992b; Leurs et al, 1994c). Recent chro- 
mosomal mapping studies have assigned the H 2 -receptor 
gene to human chromosome 5 (Traiffort et al, 1995). 

Comparison of the H 2 -receptor sequence with other 
biogenic amine G-protein-coupled receptors has indi- 
cated that an aspartate in TM3 and an aspartate and 
threonine residue in TM5 are responsible for binding 
histamine (Birdsall, 1991). Replacement of aspartate 
(98) by an asparagine residue in the canine H 2 -receptor 
results in a receptor that does not bind the antagonist 
tiotidine and does not stimulate cAMP accumulation in 
response to histamine (Gantz et al, 1992). Similarly, 
changing the aspirate (186) of TM5 to an alanine re- 
sulted in complete loss of tiotidine binding without af- 
fecting the EC 50 for histamine-stimulated cAMP forma- 
tion (Gantz et al, 1992). Changing the threonine (190) to 
an alanine, however, resulted in a lower K D for tiotidine 
and a reduction in both the maximal cAMP response and 
histamine EC 50 value (Gantz et al, 1992). Mutation of 
Asp (186) and Gly (187) in the canine H 2 -receptor (to Ala 
(186) and Ser (187), however, produces a bifunctional 
receptor that can be stimulated by adrenaline and in- 
hibited by both propranolol and cimetidine (Delvalle et 
al, 1995). Thus, these data suggest that the pharmaco- 
logical specificity of the H 2 -receptor resides in only a few 
key amino acid residues. 

Other site-directed mutagenesis studies on the H 2 - 
receptor have been very limited. However, Smit et al. 
(1996) have identified a residue in the second intracel- 
lular loop [leucine (124)] of the rat H 2 -receptor, which 
appears necessary for efficient coupling to G s . 

D. Signal Transduction Mechanisms 

It is generally accepted that histamine H 2 -receptors 
couple to adenylyl cyclase via the GTP-binding protein 
G fl (Johnson, 1982; Hill, 1990; Leurs et al, 1995b). His- 
tamine is a potent stimulant of cAMP accumulation in 
many cell types (Johnson, 1982), particularly those of 
CNS origin (Daly, 1977). Thus, H 2 -receptor-mediated 
effects on cAMP accumulation have been observed in 
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brain slices (Al-Gadi and Hill, 1985*; Palacios et al., 
1978), gastric mucosa (Soli and Wollin, 1979; Chew et 
al., 1980; Batzri et al., 1982; Gespach et al, 1982), fat 
cells (Grund et al., 1975; Keller et al., 1981), cardiac 
myocytes (Warbanow and Wollenberger, 1979), vascular 
smooth muscle (Reinhardt and Ritter, 1979), basophils 
(Lichtenstein and Gillespie, 1975), and neutrophils 
(Busse and Sosman, 1977). Furthermore, H 2 -receptor- 
mediated cAMP accumulation has been demonstrated in 
CHO cells transfected with the rat, canine, or human 
H. 2 -receptor cDNA (Gantz et al., 1991a,b; Leurs et al., 
1994b; Fukushima et al., 1995). 

Direct stimulation of adenylyl cyclase activity in cell- 
free preparations has been detected in both brain and 
cardiac muscle membranes (Hegstrand et al., 1976; 
Green et al, 1977; Green and Maayani, 1977; Kanof et 
al., 1977; Johnson et al., 1979a,b; Kanof and Greengard, 
1979a,b; Newton et al., 1982; Olianas et al., 1984). How- 
ever, caution is required regarding the interpretation of 
receptor characterization studies using histamine-stim- 
ulated adenylyl cyclase activity alone (Hill, 1990). A 
striking feature of studies of histamine H 2 -receptor- 
stimulated adenylyl cyclase activity in membrane prep- 
arations is the potent antagonism observed with certain 
neuroleptics and antidepressants (table 8; Spiker et al., 
1976; Green et al., 1977; Green and Maayani, 1977; 
Kanof and Greengard, 1978; Green, 1983). It is notable, 
however, that most of the neuroleptics and antidepres- 
sants are approximately 2 orders of magnitude weaker 
as antagonists of histamine-stimulated cAMP accumu- 
lation in intact cellular systems (table 8; Tuong et al., 
1980; Kamba and Richelson, 1983; Hill, 1990). One po- 
tential explanation of these differences resides within 
the buffer systems used for the cell-free adenylyl cyclase 
assays. Some differences in potency of some antidepres- 
sants and neuroleptics have been observed when mem- 
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brane binding of H 2 -receptors has been evaluated using 
[ 125 I]iodoaminopotentidine (table 8; Traiffort et al., 
1991). However, invariably the differences observed in 
the values deduced from ligand binding studies in 
different buffers are not as large as the differences in K B 
values obtained from functional studies (table 8). For 
example, in the case of amitriptyline, no difference was 
observed in binding affinity in Krebs and Tris buffers 
(Traiffort et al., 1991). 

In addition to G s -coupling to adenylyl cyclase, there 
are reports of H 2 -receptors coupling to other signaling 
systems. For example, in gastric parietal cells. H 2 -recep- 
tor stimulation has been shown to increase the intracel- 
lular free concentration of calcium ions (Chew, 1985. 
1986; Chew and Petropoulos, 1991; Malinowska et al., 
1988; Delvalle et al., 1992a). A similar calcium response 
to histamine H 2 -receptor stimulation has also been ob- 
served in HL-60 cells (Mitsuhashi et al., 1989; Seifert et 
al., 1992) and in hepatoma-derived cells transfected 
with the canine H 2 -receptor cDNA (Delvalle et al., 
1992b). In these latter cells, the influence on [Ca 2 *]; was 
accompanied by both an increase in inositol trisphos- 
phate accumulation and a stimulation of cAMP accumu- 
lation (Delvalle et ah, 1992b». Interestingly, the H 2 - 
receptor-stimulated calcium and inositol trisphosphate 
responses in these cells were both inhibited by cholera 
toxin treatment (but not by pertussis toxin), whereas 
cholera toxin produced the expected increase in cAMP 
levels (Delvalle et al., 1992a ? b). In single parietal cells, 
H 2 -receptors have been shown to release calcium from 
intracellular calcium stores (Negulescu and Machen, 
1988). It should be noted, however, that no effect of 
H 2 -agonists was observed on inositol phosphate accumu- 
lation or intracellular calcium levels in CHO cells trans- 
fected with the human H 2 -receptor (Leurs et al., 1994a). 



TABLE 8 

Comparison of antagonist K B values for inhibition of H 2 - receptor-stimulated adenylyl cyclase activity in membranes and cyclic AMP 

accumulation in intact cellular systems 



Antagonist K B value (jiM) 



Antagonist 



Binding studies 





Slices 0 


Dissociated cells b 


Cimetidine 


0.6 


0.5 


Metiamide 


0.8 


n.d. 


Tiotidine 


n.d. 


0.03 


Cyproheptadine 


5.7 


n.d. 


Mianserin 


10.0 


2.8 


Imipramine 


>10 


3.3 


Amitriptyline 


3.5 


1.9 


Chlorpromazine 


5.9 


3.0 


Haloperidol 


>10 


29 



Homogenates' 1 



Krebs buffer 



Tris bufTer 



0.9 

1.0 

0.03 

0.04 

0.07 

0.2 

0.05 

0.04 

0.08 



0.02 
1.01 
0.09 
1.61 



0.007 
0.20 
0.09 
0.42 



Measurements were made of H 2 -mediated adenylyl cyclase activity in homogenates of guinea pig hippocampus, impromidine-stimulated 
cyclic AMP accumulation in guinea pig hippocampal slices, and of H 2 -mediated cyclic AMP accumulation in dissociated hippocampal tissue, 
n.d., not determined. 

• Tuong et al. ( 1980) d Kanof and Greengard ( 1978) 

b Kamba et al. (1983) * Kanof and Greengard (1979a,b) 

c Green et al. (1977) f Traiffort et al. (1991) 
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Thus, the effect of H 2 -receptor stimulation on intracel- 
lular calcium signaling may be very cell-specific. 

In CHO cells transfected with the rat H 2 -receptor, 
H 2 -receptor stimulation produces both an increase in 
cAMP accumulation and an inhibition of P 2u -receptor- 
mediated arachidonic acid release (Traiffort et al., 
1992b). Interestingly, however, the effect on phospho- 
lipase A 2 activity (i.e., arachidonic acid release) was not 
mimicked by forskolin, PGE lt or 8-bromo-cAMP, sug- 
gesting a mechanism of activation that is independent of 
cAMP-mediated protein kinase A activity (Traiffort et 
al., 1992b). However, in CHO cells transfected with the 
human H 2 -receptor, no inhibitory effects of H 2 -receptor 
stimulation were observed on phospholipase A 2 activity 
(Leurs et al., 1994b). This observation suggests that 
these cAMP-independent effects might depend on the 
level of receptor expression or subtle differences be- 
tween clonal cell lines. 

IV. Histamine //^-Receptor 

A. Distribution and Function 

The high apparent affinity of R-(a)-methylhistamine 
for the histamine # 3 -receptor has enabled the use of this 
compound as a radiolabeled probe (Arrang et al., 1987). 
This compound has been successfully used to identify a 
single binding site in rat cerebral cortical membranes, 
which in phosphate buffer has the pharmacological char- 
acteristics of the # 3 -receptor (Arrang et al., 1987, 1990). 
[ 3 H]R-(a)-methylhistamine binds with high affinity (K D 
= 0.3 nM) to rat brain membranes, although the binding 
capacity is generally low (approximately 30 fmol/mg pro- 
tein; (Arrang et al., 1987). Autoradiographic studies 
with [ 3 H]R-(a)-methylhistamine have demonstrated the 
presence of specific thioperamide-inhibitable binding in 
several rat brain regions, particularly cerebral cortex, 
striatum, hippocampus, olfactory nucleus, and the bed 
nuclei of the stria terminalis, which receive ascending 
histaminergic projections from the magnocellular nuclei 
of the posterior hypothalamus (Arrang et al., 1987; Pol- 
lard et al., 1993). H 3 -receptors have also been visualized 
in human brain and the brain of nonhuman primates 
(Martinez-Mir et al., 1990). tf 3 -receptor binding has 
been additionally characterized using [ 3 H]R-(a)-methyl- 
histamine in guinea pig cerebral cortical membranes 
(Kilpatrick and Michel, 1991), guinea pig lung (Arrang 
et al., 1987), guinea pig intestine, and guinea pig pan- 
creas (Korte et al., 1990). N a -methylhistamine has also 
proved successful as a radiolabeled probe for the H 3 - 
receptor. Although the relative agonist activity of N a - 
methylhistamine (with respect to histamine) is fairly 
similar for all three histamine receptor subtypes (table 
2), the binding affinity of histamine and N Q -methylhis- 
tamine for the if 3 -receptor is several orders of magni- 
tude higher than for either the H r or H 2 -receptors (Hill 
et al., 1977; Ruat et al., 1990b). This ligand can identify 
high-affinity ff 3 -receptor sites in both guinea pig (Korte 



et al., 1990) and rat (West et al, 1990; Kathman et al., 
1993; Clark and Hill, 1995) brain. 

The binding of 3 H-agonists to # 3 -receptors in brain 
tissues has been shown to be regulated by guanine nu- 
cleotides, implying a linkage to heterotrimeric G-pro- 
teins (Arrang et al., 1987, 1990; Zweig et al., 1992; Clark 
and Hill, 1995). The binding of # 3 -receptor agonists also 
seems to be sensitive to several cations. Magnesium and 
sodium ions have been shown to inhibit [ 3 H]R-(a)-meth- 
ylhistamine binding in rat and guinea pig brain (Kil- 
patrick and Michel, 1991), and the presence of calcium 
ions has been reported to reveal heterogeneity of agonist 
binding (Arrang et al., 1990). The inhibitory effect of 
sodium ions on agonist binding means that higher B max 
values are usually obtained in sodium-free Tris buffers 
compared with that in Na/K phosphate buffers (Clark 
and Hill, 1995). West et al. (1990) have suggested that 
multiple histamine # :r receptor subtypes exist in rat 
brain (termed H 3A and H 3B ) on the basis of [ 3 H]N"- 
methylhistamine binding in rat cerebral cortical mem- 
branes in 50 mM Tris buffer. Under these conditions, the 
selective tf 3 -antagonist thioperamide can discriminate 
two affinity binding states (West et al., 1990). However, 
Clark and Hill (1995) have noted that the observed 
heterogeneity of thioperamide binding is dependent on 
the concentration of sodium ions or guanine nucleotides 
within the incubation medium. Thus, in the presence of 
100 mM sodium chloride, thioperamide binding conforms 
to a single binding isotherm (Clark and Hill, 1995). The 
simplest interpretation of these data is that the H 3 - 
receptor can exist in different conformations for which 
thioperamide, but not agonists or other H 3 -antagonists 
(e.g., clobenpropit), can discriminate. Clark and Hill 
(1995) have suggested that the equilibrium between 
these conformations is altered by guanine nucleotides or 
sodium ions. If this hypothesis is correct, it is likely that 
the different binding sites represented resting, active, or 
G-protein- coupled conformations of the ff 3 -receptor. 
Furthermore, if thioperamide preferentially binds to un- 
coupled receptors, then this compound should exhibit 
negative efficacy in functional assays. 

More recently, radiolabeled H 3 -receptor antagonists 
have become available. The first compound to be devel- 
oped was [ 125 I]iodophenpropit, which has been used to 
successfully label if 3 -receptors in rat brain membranes 
(Jansen et ah, 1992). Inhibition curves for thioperamide 
and iodophenpropit were consistent with interaction 
with a single binding site, but i? 3 -receptor agonists were 
able to discriminate high- [4 nM for R-(a)-methylhista- 
mine] and low- [0.2 /jlM for R-(a)-methylhistamine] affin- 
ity binding sites (Jansen et ah, 1992). More recently, 
[ 3 H]GR16820 (Brown et al., 1994) and [ 125 I]iodoproxy- 
fan (Ligneau et al., 1994) have also proved useful as 
high-affinity radiolabeled H 3 -antagonists. [ Uiodo- 
proxyfan (Stark et al., 1996a) is the most potent and 
selective ligand available at the present time with a K D 
of 65 pM (Ligneau et al., 1994). In rat striatum, in the 
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presence of guanine nucleotides such as guanosine 5'0- 
(3-thiotriphosphate) (GTP7S), 40% of the binding sites 
exhibited a 40-fold lower affinity for // 3 -agonists, provid- 
ing further evidence for a potential linkage of /^-recep- 
tors to G-proteins (Ligneau et al., 1994). [ 3 H]thioperam- 
ide and [ 3 H]5-methylthioperamide have also been used 
to label tf 3 -receptors in rat brain membranes (Alves- 
Rodrigues et al., 1996; Yanai et al., 1994). However, 
[ 3 Hlthioperamide was shown to bind additionally to low- 
affinity, high-capacity, non // 3 -receptor sites in this tis- 
sue (Alves-Rodrigues et al., 1996). 

In addition to data obtained from ligand binding stud- 
ies, evidence for the localization of histamine /^-recep- 
tors has also come from functional studies, primarily- 
involving inhibition of neurotransmitter release. The 
//3-receptor was first characterized as an autoreceptor- 
regulating histamine synthesis and release from rat ce- 
rebral cortex, striatum, and hippocampus (Arrang et al., 
1983, 1985b,c 1987a, 1988a,b). H 3 -receptor-mediated 
inhibition of histamine release has also been observed in 
human cerebral cortex (Arrang et al., 1988a). Differ- 
ences in the distribution of ff 3 -receptor binding sites and 
the levels of histidine decarboxylase (an index of hista- 
minergic nerve terminals) suggested at an early stage 
that /Y 3 -receptors were not confined to histamine-con- 
taining neurons within the mammalian CNS (Arrang et 
al., 1987; Van der Werf and Timmerman, 1989). This 
has been confirmed by the observations that Z/ 3 -recep- 
tors can regulate serotonergic (Schlicker et al, 1988), 
noradrenergic (Schlicker et al., 1989, 1992), cholinergic 
(Clapham and Kilpatrick, 1992), and dopaminergic 
(Schlicker et al., 1993) neurotransmitter release in 
mammalian brain. Histamine Z/ 3 -receptor activation in- 
hibits the firing of the histamine-neurons in the poste- 
rior hypothalamus through a mechanism different from 
autoreceptor functions found on other aminergic nuclei, 
presumably a block of Ca 2+ -current (Haas, 1992). Elec- 
trophysiological evidence for reduction of excitatory 
transmitter release (glutamate) has been presented by 
Brown and Reymann (unpublished data, 1996). 

Inhibitory effects of H 3 -receptor activation on neuro- 
transmission have also been documented in the periph- 
ery. Thus, /Zg-receptors have been identified regulating 
the release of sympathetic neurotransmitters in guinea 
pig mesenteric artery (Ishikawa and Sperelakis, 1987), 
human saphenous vein (Molderings et al., 1992), guinea 
pig atria (Endou et al., 1994; Imamura et al., 1994), and 
human heart (Imamura et al., 1995). Inhibition of para- 
sympathetic nerve activity has also been observed in 
guinea pig ileum and human bronchi and trachealis 
(Trzeciakowski, 1987; Tamura et al., 1988; Ichinose et 
al., 1989; Ichinose and Barnes, 1989; Hew et al., 1990; 
Menkveld and Timmerman, 1990; Leurs et al., 1991a,b; 
Poli et al., 1991). An inhibitory effect of H 3 -receptor 
stimulation on release of neuropeptides (tachykinins or 
calcitonin gene-related peptide) from sensory C fibers 



has been reported from airways (Ichinose et al., 1990), 
meninges (Matsubara et al., 1992), skin (Ohkubo and 
Shibata, 1995), and heart (Imamura et al., 1996). A 
modulation of acetylcholine, capsaicin, and substance P 
effects by histamine // 3 -receptors in isolated perfused 
rabbit lungs has also been reported (Delaunois et al., 
1995). 

There is evidence that // 3 -receptor stimulation can 
inhibit the release of neurotransmitters from nonadren- 
ergic-noncholinergic nerves in guinea pig bronchioles 
(Burgaud and Oudart, 1994) and ileum (Taylor and Kil- 
patrick, 1992). Interestingly, in guinea pig ileum, the 
Z/ 3 -antagonists betahistine and phenylbutanoylhista- 
mine were much less potent as inhibitors of H r mediated 
effects on nonadrenergic-noncholinergic transmission 
than they were as antagonists of histamine release in 
rat cerebral cortex (Taylor and Kilpatrick, 1992). A sim- 
ilar low potency has been observed for these two antag- 
onists for antagonism of /Y 3 -receptor-mediated [^ace- 
tylcholine release from rat entorhinal cortex (Clapham 
and Kilpatrick, 1992) and antagonism of Z/ 3 -receptor- 
mediated 5-hydroxytryptamine (5-HT) release from por- 
cine enterochromaffin cells (Schworer et al., 1994). 
These observations provide support for the possible ex- 
istence of distinct Z/ 3 -receptor subtypes, but these re- 
sponses need to be investigated further to exclude alter- 
native explanations. For example, Arrang et al. (1995) 
have recently shown that phenylbutanoylhistamine can 
inhibit [ 3 Hlacetylcholine release from rat entorhinal cor- 
tex slices and synaptosomes via a nonhistamine receptor 
mechanism. Thus, the potency of phenylbutanoylhista- 
mine as an // 3 -receptor antagonist in these preparations 
may be greatly underestimated because of the additional 
nonspecific properties of the drug (Arrang et al., 1995). 

The observed inhibitory effect of /7 3 -receptor stimula- 
tion on 5-HT release from porcine enterochromaffin cells 
in strips of small intestine (Schworer et al., 1994) pro- 
vides evidence for H 3 -receptors regulating secretory 
mechanisms in nonneuronal cells. This observation sug- 
gests that // 3 -receptors may also be present in gastric 
mast cells or enterochromaffin cells and exert an inhib- 
itory influence on histamine release and gastric acid 
secretion. Consistent with this suggestion, # 3 -receptor 
activation has been shown to inhibit gastric acid secre- 
tion in conscious dogs (Soldani et al., 1993). An autoreg- 
ulation of histamine synthesis by histamine /^-recep- 
tors has also been reported in isolated rabbit fundic 
mucosal cells (Hollande et al., 1993). 

H 3 -receptors have been shown to relax rabbit middle 
cerebral artery via an endothelium-dependent mecha- 
nism involving both nitric oxide and prostanoid release 
(Ea Kim and Oudart, 1988; Ea Kim et al., 1992). Finally, 
there is a report that // 3 -receptor activation can stimu- 
late adrenocorticotropic hormone release from the pitu- 
itary cell line AtT-20 (Clark et al., 1992) 
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B. H 3 -Receptor Selective Ligands 

The initial characterization of the # 3 -receptor made 
use of the relative high affinity of the agonists N"-meth- 
ylhistamine and histamine for the H 3 -receptor com- 
pared with the H r and H,-receptors together with the 
# 3 -antagonist properties of impromidine (H 2 -agonist), 
burimamide (H 2 -antagonist), and betahistine (Hj-ago- 
nist) (Arrang et al., 1983, 1985a). Since then, several 
selective ligands (both agonists and antagonists) have 
been developed that show little effect on H r and H 2 - 
receptors. The first selective tf 3 -agonist was R-(a)-meth- 
ylhistamine (fig. 2), which capitalized on the marked 
stereoselectivity of agonist binding to the tf 3 -receptor 
compared with that to the other histamine receptors 
(Arrang et al., 1985c). Thus, R-(a)-methylhistamine is 
two orders of magnitude more potent as an H 3 -agonist 
than the corresponding S-isomer (table 2). R^S-P-dim- 
ethylhistamine showed slightly higher potency and even 
higher selectivity (Lipp et al., 1992). Imetit [S- [2-4(5)- 
imidazolylethylisothiourea] is a highly selective, full H 3 - 
agonist that appears to be more potent than R-(a)-meth- 
ylhistamine (table 2; Garbarg et al., 1992; Howson et al., 
1992; Van der Goot et al., 1992). Both R-(a)-methylhis- 
tamine and imetit have been shown to be active in vivo 
at low doses (Arrang et al., 1987a; Garbarg et al., 1992). 
Azomethine derivatives of R-(a)-methylhistamine were 
prepared as lipophilic prodrugs to improve the bioavail- 
ability of the hydrophilic drug, particularly its entry into 
the brain (Krause et al., 1995). Immepip is another 
potent H 3 -agonist that has been developed from hista- 
mine by extending the alkyl side chain to four methylene 
groups and incorporating the amino function within a 
piperidine ring (table 2; Vollinga et al., 1994). Most 
recently, the tf 3 -agonist potency of a cyclic, conforma- 
tionally restricted analogue of histamine (immepyr) has 
been reported (Shih et al., 1995). This compound has been 
resolved and the (+)-immepyr shown to have an tf 3 -bind- 
ing affinity (Kj = 2.8 nM) one order of magnitude higher 
than the corresponding (-)-isomer (Shih et al., 1995). In 
guinea pig ileum, however, (-t-)-immepyr was one order of 
magnitude less potent (pD 2 7.1) than R-(a)-methylhista- 
mine (pD 2 8.2) as an H 3 -agonist (Shih et al., 1995). 

Thioperamide was the first potent and selective H 3 - 
receptor antagonist to be described (Arrang et al., 1987). 
This compound appears to act as a competitive antago- 
nist in most functional assays of H 3 -receptor activity 
(Arrang et al., 1987; Hew et al., 1990; Menkveld and 
Timmerman, 1990), although Clark and Hill (1995) have 
suggested that it may possess inverse agonist proper- 
ties More recently, several other potent H 3 -antagomsts 
have been described (table 3; fig. 7), including cloben- 
propit (Kathman et al., 1993), iodophenpropit (Jansen et 
al 1992) GR175737 (Clitherow et al., 1996), iodoproxy- 
fan (Ligneau et al., 1994; Schlicker et al., 1996), impen- 
tamine (Vollinga et al., 1995; Leurs et al., 1996), ethers 
(Ganellin et al., 1996; Stark et al., 1996a), and carbam- 



ates (Stark et al., 1996b). These compounds have initi- 
ated some further discussion regarding potential H x 
receptor subtypes. Thus, iodoproxyfan behaves as a 
partial agonist in both guinea pig ileum and mouse 
cerebral cortical slices, whereas its noniodinated ana- 
logue only exhibits slight agonist activity in the mouse 
brain preparation (Schlicker et al., 1996). In guinea pig 
ileum, the noniodinated analogue of iodoproxyfan is a 
pure antagonist (pA 2 7.12; Schlicker et al., 1996). These 
observations point to differences in receptor structure in 
the two preparations ( perhaps species homologues?). but 
they could equally well be accommodated by differences 
in the efficiency of H :3 -receptor- effector coupling be- 
tween the two tissues. A similar observation has been 
made with a series of homologues of histamine in which 
the ethylene side chain was modified (Leurs et al., 1996). 
Lengthening the side chain of histamine from two to five 
methylene groups results in the highly selective H 3 - 
antagonist impentamine, which is equipotent with thio- 
peramide as a competitive antagonist in guinea pig je- 
junum (table 3; Vollinga et al., 1995). However, in mouse 
brain cerebral cortical slices, impentamine (like iodo- 
proxyfan) exhibits partial agonist activity (Leurs et al., 
1996). At the present time, differences in receptor-effec- 
tor coupling (and hence # 3 -receptor reserve) between 
mouse brain and guinea pig small intestine provide the 
simplest explanation for these observations. 

Although many of the H 3 -selective ligands have been 
fully characterized in terms of selectivity for each of the 
three histamine receptors, it is worth stressing that the 
evaluation of ff 3 -receptor ligands against other receptor 
systems is more limited. This needs to be borne in mind, 
particularly, when considering the in vivo use of these 
compounds. For example, iodophenpropit (K; 11 nM) and 
thioperamide (Kj 120 nM) have both been shown to in- 
teract with 5-HT 3 -receptors (Leurs et al., 1995c), 
whereas iodoproxyfan did not (Schlicker et al., 1995). 



C. Receptor Structure 

Structural information on the histamine tf 3 -receptor 
is very limited, primarily because of a lack of success in 
cloning the H 3 -receptor cDNA. At the present time, 
there are only two reports of ff 3 -receptor purification 
studies. Using [ 3 H]histamine as a radioligand, Zweig et 
al. (1992) have reported the solubilization of an H 3 - 
receptor protein from bovine whole brain. Size-exclusion 
chromatography has revealed an apparent molecular 
mass of 220 kDa (Zweig et al., 1992). However, because 
the solubilized receptor retained its guanine nucleotide 
sensitivity, it is likely that the molecular mass of 220 
kDa represents a complex of receptor, G-protein and 
digitonin (Zweig et al., 1992). Cherifi et al. (1992) have 
reported the solubilization (with Triton X-100) and pu- 
rification of the H 3 -receptor protein from the human 
gastric tumoral cell line HGT-1. After gel filtration and 
sepharose-thioperamide affinity chromatography, pro- 
tein has been purified with a molecular mass of approx- 
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imately 70 kDa (Cherifi et al., 1992). However, it re- 
mains to be established whether this protein is the 
histamine i? 3 -receptor, 

D. Signal Transduction Mechanisms 

The signal transduction pathways used by the hista- 
mine flg-receptor remain largely subject to speculation, 
but there is increasing evidence to suggest that this 
receptor belongs to the superfamily of G-protein- cou- 
pled receptors. Evidence for this has largely been ob- 
tained from ligand-binding studies involving the modu- 
lation by guanine nucleotides of tf 3 -agonist binding 
(Arrang et al., 1990; West et al., 1990; Kilpatrick and 
Michel, 1991; Zweig et al., 1992; Clark and Hill, 1995) 
and of if 3 -agonist inhibition of 3 H-antagonist binding 
(Jansen et al., 1992, 1994; Ligneau et al., 1994). The most 
direct evidence for a functional // 3 -receptor-G-protein 
linkage has come from studies of [ 35 S]GTPyS binding to 
rat cerebral cortical membranes (Clark and Hill, 1996). In 
the presence of H r and H 2 -receptor antagonists (0.1 /xM 
mepyr amine and 10 /xM tiotidine), both R-a-methylhista- 
mine and N°-methylhistamine produced a concentration- 
dependent stimulation of [ 35 S]GTPyS binding (EC 50 = 0.4 
and 0.2 nM, respectively) in rat cerebral cortical mem- 
branes (Clark and Hill, 1996). Furthermore, this response 
was abolished by pre treatment of membranes with pertus- 



sis toxin, implying a direct coupling to a G { or G 0 protein 
(Clark and Hill, 1996). Evidence for an involvement of 
pertussis toxin-sensitive G-proteins in the response to H 3 - 
receptor stimulation has also come from studies of hista- 
mine # 3 -receptor signaling in human and guinea pig heart 
(Endou et al., 1994; Imamura et al., 1995). In these tissues, 
histamine H 3 -receptor-stimulation seems to lead to an 
inhibition of N-type Ca 2+ channels responsible for voltage- 
dependent release of noradrenaline (Endou et al., 1994; 
Imamura et al., 1995). 

Very little is known about the intracellular signal trans- 
duction pathways initiated by histamine # 3 -receptor acti- 
vation. Several research groups have failed to observe an 
inhibition of adenylyl cyclase activity in different tissues 
and cells (Garbarg et al., 1989; Schlicker et al., 1991; 
Cherifi et al., 1992), which might indicate that ^-recep- 
tors preferentially couple to G 0 proteins. There is one in- 
teresting report of a negative coupling to phospholipase C 
in the HGT-1 gastric tumor cell line (Cherifi et al., 1992), 
but this observation needs confirmation by other research. 

V, Other Responses to Histamine 

A. Potentiation of Responses to N-Methyl-D- Aspartate 

Studies in hippocampal cell cultures, acutely dissoci- 
ated neurons, and Xenopus oocytes expressing the re- 
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combinant N-methyl-D-aspartate (NMDA) receptor sub- 
units NR2B and NR1 have shown that histamine is able 
to enhance NMDA-activated currents, independently of 
the known histamine receptors, via a mechanism that 
probably involves the polyamine-binding site on the 
NMDA-receptor complex (Bekkers, 1993; Vorobjev et al., 
1993; Williams, 1994; Saysbasili et al, 1995). Histamine 
and the polyamines spermine and spermidine have also 
been shown to enhance glutamate toxicity in human 
NT2-N neurons (Munir et al., 1996). Interestingly, at- 
tempts to demonstrate a similar effect of histamine on 
NMDA-induced currents in rat hippocampal slices, or 
outside-out patches pulled from the somas of these cells, 
were without success (Bekkers et ah, 1996). However, 
two studies using conventional and whole cell recording 
of neurons in the CA1 region of slices of rat hippocampus 
concluded that the modulation of NMD A-mediated syn- 
aptic currents was dependent upon pH (Saysbasili et al., 
1995; Janovsky et al., 1995). Thus, at low pH (7.2), 
histamine enhanced synaptic currents, whereas at pH 
7.6 it reduced them. Interestingly, at physiological pH 
(7.4), no significant action of histamine was seen (Says- 
basili et al, 1995). 

B. A Role as an Intracellular Messenger? 

Although most actions of histamine can be attributed 
to an extracellular action, there are reports that hista- 
mine may have intracellular actions. The activity of the 
enzyme, histidine decarboxylase, which catalyzes the 
formation of histamine from histidine, has been ob- 
served to be high in several tissues undergoing rapid 
growth or repair (Ishikawa et al^ 1970; Kahlson and 
Rosengren, 1971; Watanabe et al., 1981; Bartholeyns 
and Bouclier, 1984; Bartholeyns and Fozard, 1985). 
These observations have led to the proposal that newly 
synthesized (nascent) histamine may have a role in cel- 
lular proliferation, perhaps via an intracellular site. 
Some evidence has been accumulated that intracellular 
histamine levels (or the activity of histidine decarboxyl- 
ase) can be regulated by tumor-promoting phorbol esters 
(Saxena et al., 1989). Furthermore, Brandes and col- 
leagues (Saxena et al., 1989; Brandes et al., 1990, 1992) 
have suggested that N, N-diethyl-2-[4-(phenylmethyl)- 
phenoxylethanamine (DPPE) might be an inhibitor of a 
specific intracellular histamine receptor (H IC ). However, 
at the present time, the evidence in favor of an intracel- 
lular histamine receptor has not been generally ac- 
cepted, and alternative possibilities need to be explored. 
For example, the direct effects of histamine, or its ana- 
logues, on polyamine sites (Vorobjev et al., 1993; Bek- 
kers, 1993) and heterotrimeric G-proteins (Hageliiken et 
al., 1995; Seifert et al., 1994) could explain many of the 
observations to date. 
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the underlying membrane mechanism was not studied 
it was suggested that HA influenced a voltage-gated 
conductance via Ca 2+ translocation. 

Other excitatory responses mediated by n x recep- 
tors occur on cultured tuberal hypothalamic neurons 
(244 246) or on hippocampal slices in which slow depo- 
larizations without conductance changes are observed; 
in addition, on the latter preparation, HA augments ex- 
citatory postsynaptic potentials (EPSP) in the CA1 and 
CA3 areas, presumably via a presynaptic effect (675, 
676) In the suprachiasmatic nucleus of slices of rat hy- 
pothalamus, local activation of H x receptors (similar to 
that of ^-adrenergic receptors) inhibits the negative 
wave elicited by stimulation of the optic nerve (439). On 
astrocytes of cultured rat brain stem and spinal cord, 
H -receptor stimulation mainly causes depolarizations 
(325). Excitatory actions of HA after iontophoresis to 
various brain areas were reported (112, 272, 281, 285, 
608), but their possible mediation by H, receptors was 
not shown. 



B. Histamine H s Receptors 



1. Molecular properties 



Until very recently a selective labeling of the H 2 
receptor was not achieved because of the limited affinity 
of available ligands. For instance, the saturable binding 
of r 3 Hlcimetidine to cerebral membranes was assumed 
to occur at H 2 receptors (102, 164, 377, 384, 718), but 
neither the affinity of the tritiated ligand nor the po- 
tency of competing agents corresponds to that expected 
from biological responses mediated by H 2 receptors 
(613 693, 800). Tritiated ranitidine (92), [ 3 H]impromi- 
dine (665), or [ 8 H]ICIA 5165 (500) also proved to be un- 

SUlt The utilization of [ 3 H]HA itself as a ligand has led 
to complex and somewhat perplexing results. Tritiated 
histamine binds with high affinity, i.e., with a K D ot 
2-10 nM depending on the conditions, to cerebral mem- 
branes (43, 149, 542, 663, 704-706, 814) and to gastric 
mucosal cells (50, 51). In early studies with cerebral 
membranes, the binding appeared to occur to receptors 
as shown by 1) its sensitivity to guanylnucleotides, 2) its 
neuronal localization suggested by the effects of kainate 
lesions, 3) its marked regional heterogeneity ^and £ 'its 
localization to synaptosomal membranes (43, 542). How- 
ever, whereas histaminic drugs were active as compet- 
ing agents, their potencies did not correspond to those at 
either H, or H 2 receptors (or at H 3 receptors that were 
not yet identified at this time), and it was suggested 
that the binding occurred at one of the HA receptors in 
the desensitized state. More recently in an extensive 
study in which binding parameters were widely varied 
several components were distinguished, among which 
was one characterized by potencies of agonists (but not 
antagonists) corresponding to those at H, receptors 
was proposed that the binding occurred to an allostenc 
site of the H 2 receptor, but this remains to be estab- 



lished in functional studies (704-706). Whatever the site 
to which [ 3 H]HA binds, the ligand cannot be used t 0 
reliably label the H 2 receptor in biochemical or autora- 
diographic studies. ..... 

Although in several laboratories the antagonist 
f 3 H]tiotidine had not been found suitable for labeling 
the H, receptor (49, 52, 442, 666), with the use of a more 
purified batch of the tritiated ligand, a fraction (-30- 
40%) of its binding to membranes of guinea pig brain 
(925 364, 510, 612, 694, 711) or lung (217) apparently 
occurred to H 2 receptors, as judged from the potencies of 
antagonists. In contrast, the ff, values of HA and ago- 
nists were 10- to 100-fold higher than their half-maxi- 
mal inhibitory concentration (IC X ) for biological re- 
sponses mediated by H, receptors (including adenylate 
cyclase activation), implying that the latter occurs with 
a very large receptor reserve (225). Although significant 
binding could be detected in three brain areas (cerebral 
cortex, striatum, hippocampus), this was not the 
case for other areas or peripheral tissues known to con- 
tain H 2 receptors, presumably due to a high nonspecific 

binding. . ,. 12 s T 

More recently, [ 125 I]iodoaminopotentidine, a I an- 
tagonist, was designed as a highly potent (tf D = 0.2 nM), 
sensitive, and selective ligand for H 2 receptors (624a, 
754a) With this probe the nonspecific binding repre- 
sented <20-30%, which allowed it to be used not only m 
biochemical but also in autoradiographic studies (456a 
624a) The corresponding azido derivative was designed 
as a photoaffinity probe for the H 2 receptor and was 
shown to bind irreversibly to 58- and 32-kDa peptides 
isolated by electrophoresis. The H 2 -receptor ligands 
prevented the labeling of these peptides, which were 
therefore identified as containing the HA recognition 
domain of the H 2 receptor (624a). 



2. Adenylate cyclase activation 

Several years before the definition of H 2 receptors 
and the design of selective antagonists, HA was shown 
to stimulate adenylate cyclase in broken cell prepara- 
tions from guinea pig heart, and this effect was shown 
to be blocked by antihistamines in concentrations well 
above those required for interaction with H, receptors 
(398, 432, 465). As summarized (153, 487), in brain, most 
early studies were performed with slices m which the 
responses are much larger than in membranes e.g., in 
rabbits (218, 371), guinea pigs (686), rats (653) or hu- 
mans (409, 687), but they are more complex since, with 
the exception of the chick (481, 482), they do not involve 
a single receptor (see sect. \Ai). 

However, despite its limited stimulation (2- to 6- 
fold) on cell-free preparations from guinea pig hippo- 
campus, a HA-sensitive adenylate cyclase could be 
characterized biochemically and ^™ c gg l ^ y ™ 
being selectively linked to the H 2 receptor (257, 298 333, 
379)! 'Although rat brain adenylate : cyclase sis much ess 
sensitive to HA than is guinea Pig. »™ s ^g 
was reported (257, 298, 548, 580). In several peripheral 
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sues, e.g., heart or stomach, where biological re- 
>nses mediated by H 2 receptors occur, a HA-sensitive 
mylate cyclase, also selectively linked to the H 2 re- 
itor, was characterized (for review see Ref. 363). Fur- 
srmore, a number of H 2 receptor-mediated responses 
; mimicked by cAMP analogues and potentiated by 
Dsphodiesterase inhibitors, suggesting that cAMP is 
: universal second messenger of HA at H 2 receptors. 

The enzyme is activated by HA, which, in rather 
'concentration (ECgo = 10 ^M), increases its maximal 
xtion velocity without altering the K m for its sub- 
ate Mg-ATP. The nucleotide guanosine triphosphate 
mulates the enzyme and markedly potentiates the 
^-induced stimulation, indicating that the ternary 
del (617) comprised of the H 2 receptor (the HA recog- 
ion subunit), a GTP regulatory protein (G 8 ) (the 
nsducer), and adenylate cyclase (the catalytic unit) 
plies to this system. Free Mg 2 * stimulates the cata- 
ic activity presumably by interacting with an allos- 
ic site of the enzyme, the affinity of which might be 
reased on HA stimulation (379). 

The adenylate cyclase response in membranes of 
nea pig brain is triggered by H 2 -receptor agonists 
i competitively inhibited by typical H 2 -receptor an- 
;onists at concentrations closely consistent with 
>se required at H 2 receptors mediating various biologi- 
responses (257, 298). However, an intriguing obser- 
;ion is that a series of psychotropic compounds, 
nely several neuroleptics and a number of struc- 
ally diverse antidepressants, behave as extremely 
:ent and competitive inhibitors of the response to HA 
cerebral membranes (257, 259, 378). This has led to 
: suggestion that blockade of the H 2 receptor repre- 
ss the molecular basis of clinical antidepressant ac- 
ity (378). However, on intact cell preparations, i.e., 
•pocampal slices (156) or dissociated brain tissues 
4), stimulated by selective H 2 -receptor agonists, 
;se compounds are relatively weak antagonists. The 
.sons for these intriguing differences are not known, 
1 stimulation of adenylate cyclase in membranes 
>uld not be regarded as a reliable system to assess the 
ivity of compounds at H 2 receptors. In addition, the 
a that antidepressants derive their clinical efficacy 
m blockade of cerebral H 2 receptors seems unlikely, 
•ticularly since such a blockade could not be observed 
er chronic treatments (514). 

In several systems increased intracellular cAMP 
itent leads to final biological responses via enhanced 
>sphorylation of intracellular proteins. However, al- 
•ugh stimulation of H 2 receptors in gastric parietal 
Is was shown to selectively activate a cytosolic type I 
MP-dependent protein kinase (124) and to stimulate 
: phosphorylation of several cytosolic proteins (125, 
), the corresponding effects on cerebral H 2 receptors 
re not reported. These intracellular steps mediated 
cAMP might be regulatory steps, because electro- 
/siologically hypersensitive responses to HA elicited 
denervation (286) or chronic antidepressant treat- 
nts (514) are not accompanied by changes in respon- 
iness of the cAMP system to HA. 



3. Phospholipid methylation and other 
biochemical responses 

Hirata and Axelrod (316) suggested that methyl- 
ation of membrane phospholipids plays a role in signal 
transduction across membranes. Stimulation of H 2 re- 
ceptors in mast cell membranes (754) and synaptic 
membranes of rat brain (536, 537) rapidly increases in- 
corporation of [ 3 H]methyl groups from S-[ 3 H]adenosyl- 
methionine into phospholipids. On the latter prepara- 
tion, the ECgo of HA was 5 ^M, and concentration-re- 
sponse curves obtained with several agonists and 
antagonists rather clearly identified the H 2 receptor as 
mediating the response. Although controversial (836a), 
release of endogenous norepinephrine might be modu- 
lated by H 2 receptors (79a). The absence of correlation 
between the density of binding sites and adenylate cy- 
clase activity (624a) might reflect the existence of H 2 - 
receptor subtypes, possibly linked to these various re- 
sponses. 

k. Localization 

Until recently the information on H 2 -receptor local- 
ization in the brain was essentially derived from studies 
of the cAMP response they mediate. The fact that this 
response occurs in neurons is suggested by several ob- 
servations: 1) the HA-sensitive adenylate cyclase is 
enriched in synaptic membranes isolated from guinea 
pig cerebral cortex (379); 2) the cAMP response occurs 
on various fractions enriched in neuronal elements, e.g., 
the vesicular sacs called synaptoneurosomes (229, 230, 
322, 323, 548, 586, 587); and 3) kainate lesions in the hip- 
pocampus nearly abolish the response in slices (234), 
whereas interruption of HA afferents does not affect it 
(286). The prenatal development pattern of the cAMP 
response is also consistent with a neuronal localization 
of H 2 receptors (689). 

The cAMP response involving H 2 receptors is not 
limited to neurons, since it can be also evidenced in hu- 
man astrocytoma cells (129), epithelial cells of choroid 
plexus (148), and cerebral microvessel preparations 
(341, 367, 382, 546, 547). However, a clear cAMP response 
can only be measured in a few brain areas of a few ani- 
mal species, and the amplitude of the response (153, 670) 
does not parallel the relative densities of histaminergic 
afferents, which suggests that mismatches exist for not 
only H x but also H 2 receptors. 

In contrast with binding data obtained with [ 3 H]tio- 
tidine (612, 694), autoradiographic mapping of the H 2 
receptor in guinea pig or rat brains using 125 I~aminopo- 
tentidine has shown it to be distributed widely and in a 
highly heterogeneous fashion, e.g., with clearcut differ- 
ences among laminae of cortical areas, suggesting its 
major association with neurons (624a). 

The H 2 receptors are present in most areas of the 
cerebral cortex, with the highest density in the superfi- 
cial layers, the piriform and occipital cortex, which con- 
tain low Hj-receptor density. The caudate putamen 
(which contains low Hj-receptor density), nucleus ac- 
cumbens, and olfactory tubercles are among the richest 
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brain areas. In the hippocampal formation, H 2 receptors 
display a laminated pattern with dense labeling in the 
lacunosum moleculare, radiatum, and oriens layers. In 
the thalamus the low density of H 2 receptors contrasts 
with the high density of H x receptors. The H 2 receptors 
are not abundant in the hypothalamus (where HA axons 
are the densest) nor in most other brain areas except the 
superficial gray layer of colliculus superior and, to a 
lesser extent, the substantia nigra. These distributions 
suggest that H x and H 2 receptors may mediate together 
the actions of HA in certain brain areas, e.g., cerebral 
cortex or hippocampus, whereas in other areas, e.g., thal- 
amus or caudate putamen, a single subtype might be 
primarily involve. The H 2 receptors are hardly detect- 
able in pituitary. 

5. Electrophysiological responses 

In early studies in which HA was applied by mi- 
crointophoresis on many neurons all over the CNS of 
anesthetized animals, the response most frequently 
found was an inhibition of firing, with both fast onset 
and fast recovery (for review see Refs. 276, 277). This 
pattern was found on neurons from the cerebral cortex 
(279, 285, 563, 564, 639), the brain stem reticular forma- 
tion' (89, 278), the dorsal raphe nucleus (427, 428), the 
cerebellum (458, 690), the vestibular nucleus (391, 641), 
the thalamus and hippocampus (273, 285), the ventro- 
medial nucleus of the hypothalamus (608), and the 
preoptic area (112). These depressive actions may be 
mediated by H 2 receptors, as suggested in some of these 
studies by the blockade exerted by burimamide, metia- 
mide, or cimetidine. However, this conclusion is only a 
tentative one, since 1) the iontophoretic application does 
not allow one to determine the apparent affinities of 
antagonists, 2) metiamide and even more burimamide 
are now known to display very significant H 3 -receptor 
antagonist potency, and 3) the highly selective ^-re- 
ceptor agonists dimaprit and impromidine were gener- 
ally not tested. 

Iontophoretically applied metiamide also antago- 
nizes, at least partly, the depressant responses of cere- 
bral cortical neurons elicited by stimulation of the me- 
dial forebrain bundle, of hippocampal cortical neurons 
elicited by stimulation of the fornix (284, 285, 640), or of 
nucleus accumbens neurons evoked by stimulation of 
the afferent fimbria (126). These various data suggest 
that H 2 receptors mediate the inhibitions elicited by en- 
dogenous HA, a view supported by the clear hypersensi- 
tive inhibitory response that develops in the guinea pig 
sensorimotor cortex after lesions of the ascending HA 

pathway (286). 

On unidentified cells of explants of tuberal hypo- 
thalamus, iontophoretic application of HA also elicits 
depressant effects with a rapid time course, which are 
clearly mediated by H 2 receptors; furthermore the per- 
sistence of the response in a Ca 2+ -free medium and its 
potentiation by phosphodiesterase inhibitors suggest 
that it is postsynaptically mediated by an increase in 
cAMP (245, 246). Histamine hyperpolarizes human spi- 



nal neurons in culture (588). A similar effect is mediated 
by H 2 receptors on astrocytes of cultured rat brain stem 
and spinal cord (326) and on suprachiasmatic neurons of 
rat hypothalamic slices (439). 

In slices of rat hippocampus, local pressure or ionto- 
phoretic application of HA or impromidine to pyrami- 
dal or granule cells hyperpolarizes these cells via a pre- 
sumably postsynaptic effect (273). Perhaps more impor- 
tant effects, apparently mediated by H 2 receptors, were 
evidenced on the same preparation by Haas and col- 
leagues (274, 276, 280, 282, 283) when HA or impromi- 
dine was added to the perfusion fluid and when CA1 
pyramidal neurons were recorded intracellularly. His- 
tamine caused a slight depolarization without change in 
resting membrane conductance, an abbreviation of long 
af terhyperpolarizations, and a loss of accommodation of 
action potential firing to excitatory inputs. The two lat- 
ter actions result in a strong potentiation by HA of 
various excitatory signals, e.g., depolarization induced 
by excitatory amino acids and synaptically evoked 
spikes, by inhibition of their self-restriction processes. 
These effects were attributed to a decrease of a Ca + -ac- 
tivated K + conductance (283), a mechanism confirmed 
by voltage-clamp studies (556) and that may also un- 
derly the action of HA at medullary (90, 366) or myen- 
teric neurons (490). A similar mechanism might be re- 
sponsible for the H 2 receptor-mediated enhancement of 
excitability of CA3 pyramidal neurons treated with 
penicillin (523) or after stimulation of mossy fibers 
(729). These indirect excitatory effects might depend on 
intracellular cAMP inasmuch as they are potentiated by 
a phosphodiesterase inhibitor and mimicked by intra- 
cellular application of the nucleotide (275) or activation 
of the cell's adenylate cyclase by forskolin (499). 

Abbreviation of af terhyperpolarization in the same 
cells triggered by stimulation of ^-adrenergic receptors 
also occurs via a similar mechanism (499). A similar 
effect elicited by stimulation of muscarinic receptors 
(59) might result from intracellular protein kinase C 
activation (39). Therefore it appears that inhibition of a 
Ca 2+ -dependent K + conductance might represent the 
final common path for the actions of various neurotrans- 
mitters released from several highly divergent neuronal 
pathways. Hence, as underlined (276), these essentially 
modulatory actions of HA, consisting of a weak direct 
effect but a strong potentiation of excitatory signals, 
suggest that the function of the amine in brain is not to 
transmit discrete information but to regulate in a coor- 
dinate manner the excitability of large cerebral areas 
(655, 660). 

C. Histamine H s Receptors 



1 Molecular properties 

The highly potent 1^^^ 
mine (MeHA) constitutes a suitable probe for ^the selec 
tive labeling of the H 3 receptor (23) In tbe a « 
divalent cations, *-«-[ s H]MeHA binds in a saturabb 
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anner to an apparently homogeneous population of 
es in membranes of rat cerebral cortex. The binding is 
versible, as indicated by the similar dissociation con- 
ints (K D = 0.3 nM) derived from either association- 
ssociation kinetics or saturation kinetics at equilib- 
lm [K D = 0.4 nM). These binding sites are pharmaco- 
^ically identified as H 3 receptors by competition 
jdies performed with various H y , H 2 , or H 3 histamin- 
iic drugs (28a). The relative potencies of various ago- 
5ts and affinity constants of various antagonists are 
ghly correlated with the corresponding values ob- 
ined at functional H 3 autoreceptors regulating HA re- 
lse or synthesis. For instance, the /?-isomer of a- 
2HA is -^10 times as potent as HA itself, and S-a- 
2HA is —100 times less potent than R-a-MeHA. This 
nfirms that enantiomers corresponding to S-config- 
ated L-histidine are highly preferred at H 3 receptors, 
lereas enantiomers corresponding to D-histidine are 
Dre potent at H 2 receptors, with no difference being 
served at H x receptors (23, 29). The potent and specific 
,-receptor antagonist thioperamide (23), the H r recep- 
r agonist betahistine (24), the H 2 -receptor agonist im- 
omidine (25), and the psychoactive drug phencyclidine 
L) inhibit i?-a-[ 3 H]MeHA binding with the same affin- 
T as that displayed when tested as antagonists at func- 
>nal H 3 autoreceptors. 

Two affinity states of the H 3 receptor are observed 
len the binding of i?-a-[ 3 H]MeHA is studied in the 
esence of Ca 2+ in physiological concentrations, an ef- 
:t that is not reproduced by Mg 2 * and apparently 
ises from the conversion of a major fraction of H 3 
ceptors to a lower affinity state (K D = 16 nM). The 
nding of the tritiated ligand to this low-affinity com- 
nent is entirely and specifically inhibited in the pres- 
ce of guanylnucleotides, indicating that the H 3 recep- 
r is coupled to its (so far unknown) effector system via 
j protein. However, at numerous other receptor types, 
anylnucleotides affect binding to the high- and not 
e low-affinity component (28a). The low-affinity com- 
nent may correspond to the functionally active recep- 
r, since the K D value of .R-a-MeHA at this component 
close to its ECso values at H 3 autoreceptors regulating 
A release and synthesis. However, the functional in- 
lvement of the high-affinity population of sites can- 
't be entirely excluded, since it also appears to be (al- 
ough very partially) GTP regulated. The 10 times 
gher affinity of agonists to this high-affinity compo- 
nt compared with their potency in functional studies 
ggests that these sites may represent the H 3 receptor 
a modified (desensitized?) state. 



Distribution in central nervous system 

The mean density of cerebral i?-a-[ 3 H]MeHA bind- 
g sites determined in physiological conditions in rats 
rather low, i.e., "*~30 fmol/mg membrane protein. It is 
ightly higher in the guinea pig brain, suggesting that 
e number of H 3 receptors, similar to that of H x recep- 
rs, varies among species. The H 3 receptors mediate the 



autoinhibition of HA release in human brain with a 
pharmacology apparently similar to that of correspond- 
ing receptors in rodents (22). 

The distribution of H 3 receptors in rat brain, estab- 
lished from either membrane binding studies or autora- 
diographic studies, is highly heterogeneous (23; H. Pol- 
lard, J. Moreau, J. M. Arrang, and J. C. Schwartz, un- 
published observations; Fig. 2). 

In cerebral cortex where they are rather dense, H 3 
receptors are found in all areas and layers with, how- 
ever, a higher abundance in rostral areas and in laminae 
IV and V. In the hippocampal formation, they are moder- 
ately to highly abundant, with their density being the 
highest in the dentate gyrus, moderate in subiculum, 
and very low in the fimbria. In the amygdaloid complex 
high densities are found in central, lateral, and baso- 
lateral nuclei as well as in the bed nucleus of the stria 
terminalis, which contains a dense histaminergic inner- 
vation (60). 

In the basal forebrain, numerous H 3 receptors are 
present in anterior olfactory nuclei, nucleus accumbens, 
and olfactory tubercles, as well as in striatum, particu- 
larly in its dorsomedial part; they are less numerous in 
the globus pallidus and even less in the septum. In the 
thalamus, H 3 receptors are mainly detected in various 
midline, intralaminar, and lateral nuclei. In the hypo- 
thalamus, their moderate density contrasts with the 
high density of HA axons, but they are detectable at the 
level of the tuberomammillary nucleus where they may 
reside on perikarya or dendrites (28). In the mesencepha- 
lon, they are numerous in the substantia nigra, particu- 
larly in its pars reticulata, the ventral tegmental area, 
and superior colliculi. In cerebellum, low densities are 
present in all layers. In the brain stem, they are mainly 
present in pontine nuclei, around the fourth ventricle, in 
locus coeruleus, and in the dorsal tegmental nucleus. In 
the spinal cord, a low density is present mainly in exter- 
nal layers of the dorsal horn. 

This distribution of H 3 receptors, not strictly paral- 
lel to that of histaminergic axons, suggests that they are 
not restricted to the latter. This is confirmed by the 
identification of H 3 receptors on serotoninergic and nor- 
adrenergic nerve terminals in the cerebral cortex (652, 
652a) and a cerebral vessel (197). Their decrease elicited 
in striatum by local administration of the neurotoxin 
kainate is consistent with a major neuronal localization 
(Pollard et al., unpublished observations). 

In the vegetative nervous system, H 3 receptors with 
a presynaptic localization have been evidenced at the 
level of the mesenteric artery where they mediate inhibi- 
tion of excitatory junction potentials generated by stim- 
ulation of sympathetic perivascular nerves (354). Also, 
their stimulation inhibits transmission at nicotinic syn- 
apses of enteric ganglia (737), an effect that may be re- 
sponsible for the inhibition of electrically evoked con- 
tractions of the ileum (762). Presynaptic H 3 receptors on 
vagal nerve endings might also be responsible for the 
inhibition of cholinergic transmission in airways (348a, 
349) and of gastric acid secretion (301, 302). Presynaptic 
H 3 receptors might also mediate inhibition of neuropep- 
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FIG 2 Autoradiographic localization of histamine receptors on 
midsagittal sections of brain. H f and H* receptors were visualized on 
sections of guinea pig brain using [ 125 I]iodobo pyramine and [ ]io- 
doaminopotentidine, respectively. (Courtesy of M. L. Bouthenet.) H s 
receptors were visualized on section of rat brain using R-a-[ HJmeth- 
ylhistamine. Abbreviations: ACb, nucleus accumbens; AD anterodor- 
sal thalamic nucleus; AOD, anterior olfactory nucleus dorsal part; 
AOV, anterior olfactory nucleus, ventral part; BST, bed nucleus of 
stria terminalis; CIC, central nucleus of inferior colliculus; CG, cen- 
tral gray ChP, choroid plexuses; CPu, caudate putamen; DG, dentate 
gyrus- DTg, dorsal tegmental nucleus; Fr, frontal cortex; GC, granular 
layer of cerebellum; InG, intermediate gray layer of superior collicu- 
lus- 10 inferior olive; LD, laterodorsal thalamic nucleus; LH, lateral 
hypothalamic area; LM, lateral mammillary nucleus; LMol lacuno- 
sum molecular layer of hippocampus; LP, lateral posterior thalamic 
nucleus; LPO, lateral preoptic area; LS, lateral septum; MC, molecular 
layer of cerebellum; MD, mediodorsal thalamic nucleus; Mol, molecu- 
lar layer of hippocampus; Oc Vis, occipital visual cortex; Or, oriens 
layer of hippocampus; Pn, pontine nuclei; Rad, stratum radiatum of 
hippocampus; SN, substantia nigra; SuG, superficial gray layer of su- 
perior colliculus; TM, tuberomammillary nucleus; Tu. olfactory tuber- 
cle; VM, ventromedial thalamic nucleus; VTA, ventral tegmental area; 
VTg, ventral tegmental nucleus; 7, 7th cranial nerve. 



tide release from airway sensory nerves (348b,^ 34Scj. 
!C H 1 Hence H 3 receptors are not restricted to the brain. 



3. Actions mediated by H s receptors 

The best established actions mediated by H 3 recep- 
tors are the presynaptic inhibitions of release of several 
neurotransmitters, i.e., HA, 5-HT, and norepinephrine 
in the brain and possibly acetylcholine, norepinephrine, 
and neuropeptides in the peripheral nervous system. As 
in the case of other presynaptic receptors, these actions 
may arise from a restriction of Ca 2+ influx related to 
increases in hyperpolarizing conductances, possibly me- 
diated by changes in channel phosphorylations result- 
ing from inhibition of adenylate cyclase (511). 

Stimulation of H 3 receptors decreases wakefulness 
in cats (369, 437a) and spontaneous motor activity in 
rats (93). It induces vasodilation of the rabbit isolated 
middle cerebral artery (197). * 

Nonneuronal (mast cell?) H 3 receptors mediate the 
inhibition of HA synthesis in various peripheral tis- 
sues (23). 

VI. ROLE OF HISTAMINERGIC NEURONS 
IN NEUROENDOCRINE CONTROLS 

Both the morphology of HA perikarya, recalling 
that of magnocellular secretory neurons in the anterior 
hypothalamus, and the high density of their projections 
to hypothalamic areas involved in the regulation of hor- 
monal secretions are consistent with a participation of 
endogenous HA in neuroendocrine controls. In agree- 
ment with this hypothesis, exogenous HA elicits a vari- 
ety of hormonal responses in vitro or in vivo, but the role 
of endogenous HA has been difficult to demonstrate (for 
reviews see Refs. 178, 179, 770, 810). 

Systemic administration of HA elicits marked bio- 
logical responses, such as hypotension or adrenal hor- 
mone secretion, which in turn may indirectly affect neu- 
roendocrine controls. Because such changes may not in- 
volve histaminergic systems in the brain, they are 
generally not considered here. 



H 



A. Posterior Pituitary Hormone Secretion 

Both the supraoptic and paraventricular nuclei of 
the hypothalamus, which synthesize and control the re- 
lease of vasopressin and oxytocin, contain high levels oi 
HA (98) and HDC activity (567) and high densities oi 
HA axons (551). The neurohypophysis itself contains, 
mainly in its peripheral part, HDC- -n*^ 
active fibers, presumably arising from the TM and pass 
ing through the internal layers of the median — 
and the infundibular stalk (351). The H, receptors are 
extremely abundant in the supraoptic nucleus and pres 
ent in the paraventricular nucleus (86, bASy . rf 

In several animal species, ™jf aM ^^^ 
administration of HA elicits antidiuretic responses (bi, 
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1, 317, 431, 772, 773), which seem to result from 
ased vasopressin secretion (69, 71, 171, 775, 776). 
iffects of various agonists and antagonists indicate 
this action is selectively mediated by Hj receptors 
J17, 776). 

iontophoretic application of HA to the supraoptic 
:us increases the firing of the neurosecretory cells 
/ia H x receptors, but the possibility of a distal effect 
-aised (285), and no effects were observed by others 
531). In perfused rat hypothalamoneurohypophy- 
sxplants, HA excited and facilitated the burst activ- 
: antidromically stimulated supraoptic neurons; the 
ts occurred via H x receptors and appeared to de- 

on the electrical activity of the neuron, suggesting 
HA affected a voltage-dependent conductance (19). 
Although the effects of exogenous HA seem well 
)lished, this is not the case for a possible participa- 
Df the endogenous amine in the control of vasopres- 
elease. In Brattleboro rats genetically lacking vaso- 
sin, the HA levels are elevated in several hypotha- 
c nuclei, including the supraoptic nucleus, and 
Based in the neurohypophysis, but the functional 
ficance of these findings is obscure (139). Pituitary 
pressin depletion induced by repeated administra- 
; of hypertonic saline was accompanied by a signifi- 

decrease in HA levels in neurohypophysis (785), 
esting that the control of vasopressin secretion by 
night occur at the level of both perikarya and termi- 
of the neurosecretory neurons. Increased hypotha- 
c HA, induced by chronic His loads in rats, de- 
sed vasopressin levels in the anterior hypothalamus 
lid not modify the hormone level in plasma; chronic 
)ition of HA synthesis by a-FMH impaired the va- 
essin response to adrenalectomy but did not modify 
ificantly vasopressin secretion in controls (107). 
ze HA neurons might control vasopressin secretion 
»r certain circumstances, but since changes in basal 
jtion do not occur after HA depletion and were 
r reported after administration of H t -receptor an- 
nists alone, endogenous HA may not exert a tonic 
ence on neurosecretion under basal conditions. 
The secretion of oxytocin is also enhanced after in- 
Brebroventricular administration of HA, but high 
s are necessary (171). 

^olactin Secretion 

Secretion of this hormone by the lactotrophs of the 
lohypophysis is mainly controlled, in a tonic inhibi- 
fashion, by dopamine released from tuberoinfun- 
lar neurons into the median eminence capillaries of 
portal system. There are various indications that 
might be involved in the control of prolactin secre- 

Intracerebroventricular administration of HA in 
: or ovariectomized estradiol-primed rats increases 
)lasma levels of prolactin (18, 176, 180, 184, 435, 614). 
avenous HA elicits similar responses in steroid- 
led rats (614), in rhesus monkeys (193), and in hu- 



man males (400, 406, 578). This effect does not appear to 
be exerted at the level of the anterior pituitary, because 
it is not observed after local injections or applications of 
HA (435, 614). The anterior pituitary does not contain 
irHA axons (351), and Hj or H 2 receptors appear scarce 
(M. L. Bouthenet, unpublished observations). 

Histamine may act on central structures in the vi- 
cinity of the third ventricle, because the threshold doses 
of the amine are lower when given in the ventricle than 
in the lateral ventricle or systemically (178) and because 
prolactin secretion is also elicited by HA administered 
into the anterior hypothalamic area or the arcuate nu- 
cleus region (13, 15, 435). Histamine infused centrally 
decreases the secretion of dopamine into the pituitary 
portal blood of female (248) and male rats (404, 405). 
Dopamine receptor blockade by pimozide did not pre- 
vent the rise in plasma prolactin elicited by intracere- 
broventricular administration of HA (404). Hence the 
prolactin-stimulating effect of HA might occur through 
an inhibition of the tuberoinfundibular dopaminergic 
neurons. Both the arcuate nucleus and the median emi- 
nence contain irHA and irHDC axons (351) and Hj re- 
ceptors in moderate density (86, 543, 681). Receptor an- 
tagonists for 5-HT partially prevent the action of HA, 
suggesting a participation of the endogenous indola- 
mine (405). The rat median eminence, which is located 
outside the blood-brain barrier, also contains mast cells 
depletable by compound 48/80 (567), and injection of 
this compound systemically, but not intraventricularly, 
increases prolactin secretion (182). 

The receptor subtypes mediating the effect of HA 
have been subject to some controversy (for.detailed dis- 
cussion see Refs. 177, 178). The rise in prolactin secre- 
tion elicited by HA in rats is blocked by various H 2 -re- 
ceptor antagonists injected intracerebroventricularly 
(183, 185, 186, 400, 402, 403) and mimicked by dimaprit, a 
selective H 2 -receptor agonist (186, 401). However, dima- 
prit was also shown to reduce plasma prolactin (186, 
209). Intra-arterial administration of cimetidine or ra- 
nitidine, two H 2 antagonists that do not cross easily the 
blood-brain barrier, partially blocked the effect of in- 
tracerebroventricularly administered HA (403). 

A possible participation of H x receptors in the HA- 
induced secretion of prolactin is less clear than that of 
H 2 receptors. The H x -receptor antagonists, such as me- 
pyramine, that easily cross the blood-brain barrier (591) 
partially block the effect of centrally administered HA 
when they are administered intracerebroventricularly 
in relatively high dosages (180, 403) but do not block it 
when administered intravenously (405). Hence a nonspe- 
cific effect of the H^receptor antagonists administered 
centrally, e.g., via membrane stabilization, seems likely. 
In contrast, systemically administered K x antagonists 
appear to block the prolactin secretion induced by intra- 
venous HA, but the latter effect might be indirect and 
not mediated by cerebral receptors (406, 443, 614). 

A possible role of endogenous HA in the control of 
prolactin release under various circumstances was in- 
vestigated using receptor antagonists or a synthesis in- 
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hibitor as pharmacological tools. The ^-receptor antag- 
onists administered systemically do not modify basal 
prolactin secretion in male rats (403) or in humans 
(406) In contrast, the H 2 -receptor antagonist cimeti- 
dine given intravenously, promotes prolactin secretion 
in humans (104, 114, 406) or in rats (492), and chronic 
treatments with the drug produces gynecomastia and 
galactorrhea accompanied by hyperprolactinemia in a 
few patients (48, 163). These observations would not be 
consistent with a role of HA in promoting prolactin se- 
cretion via H 2 -receptor stimulation, but other observa- 
tions suggest that the effect of cimetidine is not related 
to H 2 -receptor blockade. Hence the effect of cimetidine 
was not modified by the H, agonist impromidine (681); 
in addition, ranitidine was less effective than cimeti- 
dine although it is a more potent H 2 antagonist, and 
oxmetidine, another H 2 antagonist, seems completely 
ineffective (407, 492, 683). Finally, a compound resem- 
bling cimetidine in chemical structure but devoid of 
H 2 -antagonist activity stimulated prolactin secretion 
(402) Because most H 2 antagonists do not easily cross 
the blood-brain barrier, it will be of interest to assess 
the action of the brain-penetrating antagonist zolanti- 

dine Dep 8 letion of hypothalamic HA by a-FMH (235) is 
accompanied by a decrease in basal plasma prolactin 

levels (495). . . 

The rises in plasma prolactin elicited in male rats 
by restraint stress or acute exposure to ether vapors is 
prevented by several H 2 antagonists administered m- 
tracerebroventricularly as well as by a-FMH (12, 403, 
495, 678). The antagonists administered systemically 
partially decrease the prolactin responses (12, 403). In 
contrast, the prolactin response triggered by suckling of 
lactating rats or by estrogens is blunted by Hi antago- 
nists but is not affected by H 2 antagonists (13, 18). 

Taken together and despite several inconsistencies, 
these various studies suggest that cerebral histaminer- 
gic neurons participate in the control of prolactin secre- 
tion with a major involvement of H 2 receptors, but the 
participation of H 3 receptors remains to be assessed. 

C. Thyrotropin Secretion 



Thyrotropin (TSH) secretion by the adenohypophy- 
sis is controlled in a stimulatory fashion by thyrotro- 
pin-releasing hormone (TRH), a tripeptide released by 
neurons originating from the paraventricular and pen- 
ventricular nuclei of the hypothalamus and ending in 
the external zone of the median eminence in apposition 
with the capillaries of the portal system. On the con- 
trary, somatostatin, released at the same level from neu- 
rons originating from the periventricular area, inhibits 
TSH secretion. 

Histamine might be involved in control of Ton se- 
cretion (for review see Ref. 765). 

Intracerebroventricular administration of HA does 
not change basal TSH secretion (319, 443, 768) but de- 
creases TSH secretion induced by either exogenous TRH 
(768) or by a cold stress (764, 766, 768, 769). Further- 



more His, in doses large enough to increase cerebral 
HA (668), inhibits the cold-stimulated (but not the TRH 
induced) TSH response, suggesting a role for endoge- 
nous HA (769). From the effects of focal injections, HA 
appears to act at the level of the periventricular hypo- 
thalamus (768) and not of the pituitary, since the amine 
did not modify basal or TRH-stimulated release of TSH 
from superfused rat anterior pituitary cells (767) and 
since dimaprit did not modify TSH release from ante- 
rior pituitary halves in vitro (167). The inhibition of the 
cold response by HA cannot be ascribed to an impaired 
release of TRH, since the amine actually liberates TRH 
from hypothalamic slices (123, 368) or synaptosomes 
(62) with both effects being apparently mediated by H 2 
receptors. Theoretically the action of HA might result 
from somatostatin release, but this effect is not sub- 
stantiated by experimental evidence. It is not clear 
whether the effect of HA on the cold response is recep- 
tor mediated since it was mimicked by impromidine or 
2-pyridylethylamine but not antagonized by either me- 
pyramine or cimetidine (768, 769). In contrast, systemic 
administration of the selective H 2 agonist dimaprit re- 
duced serum TSH basal level in a cimetidine-reversible 

manner (167). 

Furthermore, mepyramine and cimetidine admin- 
istered alone do not modify the cold-induced secretion of 
TSH (768), suggesting that endogenous HA is not in- 
volved. 

D. Growth Hormone Secretion 

Growth hormone (GH) secretion is controlled in op- 
posite fashions by GH-releasing factor (GRF) and so- 
matostatin. . 

In unanesthetized male rats, intracerebroventricu- 
lar administration of HA suppresses the spontaneous 
pulses of GH secretion, and this effect is partially mim- 
icked by an inhibitor of HMT (491). This effect was not 
observed in rats in which most of the somatostatinergic 
innervation of the median eminence was eliminated 
(372), which may suggest that HA triggers somatostatin 
release. However, a somatostatin antiserum did not 
prevent the suppression of GH pulses by HA (493). 

In anesthetized dogs, intracerebroventricular HA 
reduces GH secretion only slightly (625). In rats, HA 
also diminishes the GH secretion elicited by morphine, 
an action apparently mediated by H, rece Pgn (494). 
Intracerebroventricular administration of GR* in low 
dosage elicits significant increases in HA concentra- 
tions in rat hypothalamus and pituitary, whereas so- 
matostatin elicits opposite changes (106). These obser- 
vations suggest reciprocal interactions between soma- 
totropinergic and histaminergic systems in brain, but 
their relevance to the regulation of GH secretion re- 
mains to be clarified. 



E. Adrenocorticotropic Hormone Secretion 

For a long time, a role for HA in the control o: 
adrenocorticotropic hormone (ACTH) secretion ha, 
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1 postulated from the numerous observations show- 
that, on systemic administration, it elicits increases 
lasma ACTH and corticosterone levels mainly via 
lulation of H x receptors (178, 770, 810). In addition, 
ous stressful procedures affect HA turnover in 
n (see sect. XlllA). However, a participation of cere- 
histaminergic neurons in the control of ACTH se- 
ion largely remains to be clarified, since stimulation 
eripheral Hj receptors causes hypotension, a strong 
mlus for ACTH secretion. 

Intracerebroventricular administration of HA in 
;s low enough to avoid stimulation of peripheral re- 
ors increases ACTH and/or corticosteroids secre- 
in both dogs (625) and rats (99, 101, 677) in which it 
xompanied by an increased secretion of ^-endorphin 
•). In rats, H t receptors alone (677) or together with 
receptors seem involved (99, 101), whereas in dogs 
ethylhistamine, a predominantly H 2 -receptor ago- 
, decreases ACTH secretion (625). The action of HA 
5 not appear to result from a direct secretory effect 
either corticotropin hormone-releasing hormone 
i, 314) or ACTH (630), as indicated by in vitro studies 
i hypothalamic and pituitary tissues, respectively, 
ice an indirect action through other monoamines 
:rolling ACTH secretion has been suggested (100, 
i. However, iontophoretically applied HA strongly 
tes cortisol-inhibitable neurons in the mediobasal 
othalamus (452). 

Controversial data have been obtained regarding 
involvement of endogenous HA in the regulation of 
TH and corticosteroid secretion. 

In rats neither H t nor H 2 antagonists prevent the 
TH and corticosterone responses elicited by an acute 
raint stress (678) and, in mice, neither His loads nor 
bition of HA synthesis by brocresine, a nonspecific 
irboxylase inhibitor, modifies the corticosterone re- 
nse to restraint (789). In contrast, histidine loading 
es plasma corticosterone levels in rats (462). Specific 
ibition of HDC by a-FMH decreases plasma cortico- 
one in nonstressed as well as in stressed rats; how- 
r, because this effect is not accompanied by any sig- 
:ant change in plasma ACTH, a direct action of the 
ibitor at the adrenal level was suggested (678). 

In contrast, in humans the Hj antagonist meclas- 
: prevents the ACTH response to hypoglycemia or 
yrapone, a corticosteroid synthesis inhibitor (9). In 
ition, in rats treated with a-FMH the ACTH re- 
nse to adrenalectomy is completely abolished (793). 

Gonadotropin Secretion 

Secretion of luteinizing hormone (LH) and follicle- 
lulating hormone (FSH) are under the control of go- 
otropin-releasing hormone (GnRH), and the secre- 
i of both the pituitary and hypothalamic hormones is 
iulated by gonadal steroids. 

Intracerebroventricular administration of HA in 
je doses evokes ovulation in anesthetized rabbits 
I) and LH release in ovariectomized rats primed with 
ogen and progesterone (176, 184, 435) but not in male 



rats (181). This effect does not result from a direct stim- 
ulation at the pituitary level, since, in vitro, HA does not 
affect LH release from rat pituitary isolated cells (72) or 
fragments (123, 470). On the other hand, HA elicited 
GnRH release from perfused rat mediobasal hypothala- 
mus, and GnRH was able to stimulate LH release from 
pituitaries sequentially perfused in a second perfusion 
chamber (470). The effect of HA could be mediated by Hj 
receptors, since it was mimicked by 2-methylhistamine 
but not by 4-methylhistamine, two relatively selective 
agonists at Hi and H 2 receptors, respectively, and antag- 
onized by mepyramine, with the latter used, however, in 
high concentration (10 ^M). Although not directly as- 
sessed, a possible involvement of endogenous HA in the 
control of LH release is suggested by the observation 
that castration increases HA level in the hypothalamus 
of male rats (529) and HDC activity in the hypothala- 
mus of female rabbits (76) and that brain HA levels 
fluctuate in the hamster during the estrus cycle and on 
selected days of pregnancy (315). 

VII. ROLE OF HISTAMINERGIC NEURONS 
IN CARDIOVASCULAR REGULATION 

In conscious or anesthetized animals, i.e., rats, cats, 
or goats, intracerebroventricular administration of HA 
increases blood pressure accompanied by bradycardia in 
conscious animals or tachycardia in anesthetized ani- 
mals (162, 214-216, 241, 396, 397, 453, 581, 691, 761, 775, 
819). These effects are not attributable to leakage of HA 
into the general circulation, because the amine has an 
hypotensive action when administered peripherally. 

The central hypertensive action of HA results only 
partially from an activation of sympathetic activity, a 
participation of endogenous vasopressin being sug- 
gested by the attenuation of the response observed with 
a vasopressin antagonist (241). Cerebral catecholamin- 
ergic pathways may also contribute to this action, which 
is reduced after intracerebroventricular administration 
of the neurotoxin 6-hydrodopamine (214). The hyper- 
tensive response to HA might involve both H x and H 2 
receptors, as suggested by the action of various agonists, 
including the highly selective agonist impromidine, but 
the effects of antagonists, often used intracerebroven- 
tricularly in extremely large doses, has led to contradic- 
tory results (214-216, 303, 453, 538, 581). In contrast to 
the above effects, HA administered into the C t area of 
the rostral ventrolateral medulla causes hypotension 
and bradycardia selectively via stimulation of H 2 recep- 
tors (253). In cats, HA perfused at high concentration 
enhances the pressor effect of stimulation of the caudal 
hypothalamus selectively via H 2 receptors (562). 

Endogenous HA might have a role in central cardio- 
vascular regulation. The spontaneous release of HA in 
superfusates of cat posterior hypothalamus seems to be 
altered according to modifications of blood pressure 
(560, 561). In two studies (138, 582), spontaneously hy- 
pertensive rats displayed increased HA levels in several 
hypothalamic areas, e.g., suprachiasmatic or arcuate 
nucleus and median eminence, but not in various brain 
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stem areas, whereas others failed to detect any differ- 
ence (118, 740). In these hypertensive rats, the rate of 
basal HA release in superfusates of the posterior hypo- 
thalamus is significantly increased (779). Elevated 
brain HA levels induced by an inhibitor of HMT were 
accompanied by increased blood pressure and bradycar- 
dia, but blockade of this response by HA antagonists 
was not reported (396). In fact, the effects of HA antago- 
nists given alone do not clarify the issue of a possible 
role of endogenous HA. Whereas most H t antagonists 
crossing the blood-brain barrier display little cardiovas- 
cular activity (188), H 2 antagonists administered intra- 
cerebroventricularly elicit biphasic or even hyperten- 
sive effects similar to HA itself (215, 242, 397). This par- 
adoxical effect might be related to blockade of either 
brain stem H 2 receptors mediating hypotensive actions 
(253) or H 3 autoreceptors controlling HA release for 
which several H 2 antagonists display significant affin- 
ity (25). 

VIII. ROLE OF HISTAMINERGIC NEURONS IN CONTROL 
OF CEREBRAL CIRCULATION 

A possible role of HA in the control of cerebral cir- 
culation is suggested by the presence of mast cells (see 
sect. iil4) as well as of HA axons in vicinity of cerebral 
blood vessels (710). In addition, cerebral microvessels 
isolated by a sieving procedure contain measurable 
amounts of HA associated with HDC activity at a very 
low level (362, 381, 382) as well as Hj receptors detected 
by pHlmepyramine binding (557) and H 2 receptors me- 
diating a cAMP response (38, 381, 382). 

Histamine has multiple actions on cerebral blood 
vessels (for review see Refs. 262, 263, 534, 535). 

On pial arteries and arterioles, perivascular mi- 
croinjection of the amine elicits dilation mainly via acti- 
vation of H 2 receptors, whereas pial veins and venules 
seem unresponsive (200, 264, 266, 794). The HA-induced 
dilation of pial arterioles of newborn pigs seems to be 
due to a production of vasodilator prostanoids (469). 

On precontracted isolated preparations of cat (200, 
201, 264) or rabbit middle cerebral arteries (680), HA 
produces vasodilation apparently mediated by H 2 recep- 
tors. This response seems to involve the endothelium, 
and at higher concentrations vasoconstriction mediated 
by H x receptors is observed. On precontracted human 
cerebral arteries, dilation involves H A and, to a lesser 
extent, H 2 receptors (532). In the rabbit precontracted 
preparation in which Hj and H 2 receptors were blocked, 
HA in low concentrations still elicited vasodilation via 
activation of H 3 receptors, and this effect is mimicked 
by the selective H 3 agonist a-MeHA in extremely low 
concentration (197). In rats, extraluminally adminis- 
tered HA causes dilation of the spontaneous tone of iso- 
lated intracerebral arterioles via activation of H 2 recep- 
tors (150). 

Intracarotid injection of HA in rats increases cere- 
bral blood flow via activation of both H x and H 2 recep- 
tors but only after transient disruption of the blood- 
brain barrier by hypertonic urea (261, 265, 267). This 
may reflect the fact that the cerebral vessels are more 



responsive to the amine when the latter is delivered to 
their external layers (534). In the human brain, how- 
ever, transient vasodilative responses are observed, 
even when the blood-brain barrier is intact (750). 

Histamine infused into rat internal carotid artery 
increases, via H 2 -receptor stimulation, the extravascu- 
lar space for sucrose or horseradish peroxidase as well 
as the cerebral water content; electron-microscopic stud- 
ies showed pericapillary astroglial processes to be swol- 
len, consistent with cerebral edema (84, 196, 267). Block- 
ade of H 2 receptors by ranitidine partially prevented the 
kainic acid-induced formation of brain edema, which 
preferentially occurs in the thalamus (728). In contrast, 
blockade of K x receptors by mepyramine in reasonable 
dosage did not modify significantly regional cerebral 
glucose utilization in conscious rats (267). 



IX. ROLE OF HISTAMINERGIC NEURONS 
IN THERMOREGULATION 

Several data suggest that HA participates in cen- 
tral temperature regulation. A dose-related hypother- 
mia is observed after either intracerebroventricular in- 
jection of the amine (130, 684) or its local application to 
the rostral hypothalamus (91), a site where some ther- 
moresponsive neurons are also depressed by iontopho- 
retic application of HA (726). The effect of intracerebro- 
ventricular HA is potentiated by pretreatment with 
amodiaquin, an inhibitor of HA methylation (141). tele- 
Methylhistamine, the main HA catabolite in brain, is 
ineffective when given intracerebroventricularly (141, 
441). Loading mice with His in doses able to double brain 
HA level has no effect on temperature (140), but a simi- 
lar treatment induces a fall in core temperature of rats 
(260), and this response is suppressed by blockade of HA 
synthesis (144). Burimamide, metiamide, or cimetidine, 
when centrally administered, antagonizes the hypother- 
mia induced by His, 4-methylhistamine, dimaprit, or 
impromidine (143, 260, 515, 566). These data strongly 
suggest that H 2 receptors in brain mediate the hypother- 
mic action of HA. 

On the other hand, the hypothermia produced by 
the local application of HA into the hypothalamus was 
also prevented by a systemic injection of an H x -receptor 
antagonist (91). Biphasic changes in the body tempera- 
ture have been reported in cats after intracerebroven- 
tricular administration of HA (130). The immediate fall 
in temperature is followed by a slight hyperthermia oc- 
curring over a number of hours after the injection. 
Whereas mepyramine, a H a antagonist, blocks the HA- 
induced hypothermia, the delayed hyperthermia, which 
is mimicked by 4-methylhistamine, is suppressed by 
pretreatment with metiamide (130). To reconcile these 
findings it has been suggested (145) that HA affects the 
central thermoregulatory pathways by at least two 
mechanisms: stimulation of H x receptors located in the 
rostral hypothalamic thermoregulatory centers may 
lower the thermoregulatory set point, and stimulation 
of H 2 receptors, located elsewhere, may somehow acti- 
vate efferent heat loss pathways directly. 
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The involvement of histaminergic systems in the 
•mal response to phencyclidine has also been pro- 
jd more recently (358). However, in anesthetized 
., stimulation of H 2 receptors in the nucleus preopti- 
medialis elicits a rise in core temperature (137). 

Ionizing radiations in guinea pigs induce hypother- 
, an effect mediated by both Hj and H 2 receptors 
•). Inhibition of HA synthesis by a-FMH did not mod- 
Dody temperature in rats (83). 

lOLE OF HISTAMINERGIC NEURONS IN EMESIS 
.ND MOTION SICKNESS 

Emesis is observed in dogs receiving HA intracere- 
*entricularly in high dosages, and the response is 
*ented by surgical ablation of the chemoreceptor 
ger zone or by administration of H t - and H 2 -receptor 
igonists (69, 70). The area postrema contains rather 
l levels of HDC activity in humans (657) and Hj re- 
ors in rodents (86, 414, 543). 

Several Hj antagonists are currently used to pre- 
: motion sickness in humans, but their efficacy may 
ve from an associated antimuscarinic activity (188). 
ertheless, a possible role of endogenous HA is sug- 
ed by the presence of HA terminals and H t recep- 
in brain stem nuclei, such as the nucleus of the 
;ary tract or vestibular nuclei (7, 86) known to be 
lved in motion sickness. 

On a behavioral model of motion sickness in rats, 
kaolin intake elicited by rotation, a-FMH had a ben- 
al effect; in addition, rotation induced a rise in 
n stem HA that was prevented by labyrinthec- 
y (736). 

*OLE OF HISTAMINERGIC NEURONS IN CONTROL 
W NOCICEPTIVE RESPONSES 

A possible role of histaminergic neurons in the CNS 
le control of pain has been recently reviewed (328, 
627). 

Histamine administered intracerebroventricularly 
its (249) or mice (128, 526) impairs several nocicep- 
responses, e.g., in the writhing or hot plate jump 
s, apparently via activation of H 2 receptors. A simi- 
esponse is also observed after injections of HA onto 
•oris of the dorsal raphe (249) that are depressed 
); however, in contrast, this response apparently in- 
es H 2 receptors. A control of pain perception by HA 
•ons would be consistent with their projections to 
the presence of H x (86) and H 2 receptors (624a; M. L. 
thenet, J. C. Schwartz, and M. Ruat, unpublished 
rvations) in areas, e.g., the external of layers of the 
al horn of the spinal cord and mesencephalic peri- 
ricular grey matter, known to be involved in noci- 
ive controls (67). However, the numerous studies on 
effects on H^receptor antagonists administered 
e do not clarify this issue (627). Several (but not all) 
pounds of this class display, like HA itself, antinoci- 
ive activity in some tests involving supraspinal loci, 
reas they are consistently ineffective in the tail flick 
onse considered to be mainly controlled at the spi- 



nal level. In addition, many of these compounds block 
not only Hj receptors but also muscarinic or serotoniner- 
gic receptors and the monoamine uptake systems. The 
fact that both the H 2 agonists and antagonists in high 
dosages (intracerebroventricularly) elicit antinocicep- 
tive responses does not clarify the issue. Thioperamide, 
a H 3 antagonist, does not modify a variety of nociceptive 
responses in mice (J. Costentin, personal communica- 
tion). 

A role of brain HA in a form of stress-induced an- 
tinociception has been postulated from the inhibition 
produced by the HDC inhibitor a-FMH or the ^-antag- 
onist diphenhydramine, whereas cimetidine was inef- 
fective (434). However, others found cimetidine and 
other H 2 antagonists including zolantidine, a brain-pen- 
etrating compound, effective, whereas the H T antago- 
nist chlorpheniramine was not (250, 328, 331). 

Morphine does not affect HA or £-MeHA levels (340, 
504) but increases HA turnover in mouse brain (504). 
However, a role of brain HA in morphine analgesia was 
not substantiated by the effects of receptor antagonists 
and a HDC inhibitor (340). 

XII. ROLE OF HISTAMINERGIC NEURONS IN CONTROL 
OF VIGILANCE, SLEEP, AND WAKEFULNESS 

A large body of experimental evidence now sup- 
ports the hypothesis (577, 655) that histaminergic neuro- 
nal systems in mammalian brain play an important role 
in arousal. 

Intracerebroventricular administration of HA 
causes electroencephalogram desynchronization in rab- 
bits, and this action is antagonized by mepyramine (471, 
824). Intracerebroventricular administration of 2-thia- 
zolylethylamine, a relatively specific H t agonist but not 
that of dimaprit, a H 2 agonist, increases wakefulness at 
the expense of slow wave and paradoxical sleep in rats 
(polygraphic recordings), and this effect is antagonized 
by systemic mepyramine in low dosage (472). Histamine 
injected into the ventrolateral posterior hypothalamus 
elicits a similar effect in cats, which is also antagonized 
by mepyramine administered locally or systemically in 
low dosage (436, 437). In this last study it was verified 
that sodium nitrite, a potent vasodilator, has no similar 
effect, suggesting that the action of HA is not indirectly 
due to its local vascular effects. These clear-cut data 
indicate that stimulation of H x receptors in this area 
where they were visualized by autoradiography (86) me- 
diates arousal in various mammalians. Because H : re- 
ceptors do not appear to control either HA synthesis 
and release in vitro (25, 28) or the activity of histamin- 
ergic neurons in vivo (239, 570) and because short HA 
axons were visualized in this area (7), it appears that 
this arousal results from stimulation of postsynaptic H x 
receptors. 

Various experimental approaches have also consis- 
tently shown that histaminergic neurons are involved in 
arousal mechanisms. In cats inhibition of HA synthesis 
by intraperitoneal a-FMH significantly increases deep 
slow-wave sleep and decreases wakefulness without 
modifying light slow-wave sleep and paradoxical sleep; 
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the drug has a similar effect when injected into the ven- 
trolateral posterior hypothalamus (436, 437). The inhibi- 
tor administered systemically to rats has essentially 
similar effects; however, although in one study it was 
shown to occur during the "dark" phase (395, 793), in 
another study it mainly occurred during the light 
phase (473). . . 

Conversely, inhibition of HA degradation via local 
injection of a HMT inhibitor to the ventrolateral poste- 
rior hypothalamus selectively increases wakefulness in 
cats (436, 437). . . 

Arousal is also observed in cats after systemic ad- 
ministration of thioperamide, a H 3 antagonist, and to be 
blocked by administration of either fl-a-MeHA, a H 3 
agonist, or mepyramine, a H,-receptor antagonist 
(437a). These effects suggest that modulation of endoge- 
nous HA release, via presynaptic H 3 receptors, indi- 
rectly affects arousal mechanisms controlled by post- 
synaptic H, receptors. 

The effects observed after blockade of cerebral rli 
receptors by various antagonists administered alone 
also support the idea that endogenous HA is critically 
involved in the control of wakefulness. Systemic admin- 
istration of mepyramine, one of the most selective H x 
antagonists, in low dosage (1-5 mg/kg) causes a signifi- 
cant dose-dependent increase in slow-wave sleep at the 
expense of wakefulness and paradoxical sleep in rats 
(472) dogs (808, 809), and cats (437). A similar effect is 
also observed in rats treated with diphenhydramine 
(394) In humans, mepyramine was recently shown not 
to affect the number of awakenings during sleep or the 
total sleep time (498). However, there is an abundant 
literature showing that many H x antagonists adminis- 
tered to humans during the day produce marked drowsi- 
ness, increase the tendency to sleep, decrease the sleep 
latency, and impair various performances (188, 208, 
497). These various properties are designated together 
under the name of sedative properties that most H, an- 
tagonists share. All these compounds have the ability to 
occupy cerebral Hi receptors at low dosages, l.e^in the 
therapeutic range or below, as judged from the [ H]me- 
pyramine binding test in the living mouse (589, 591). In 
contrast a number of recently designed compounds, 
which do not easily occupy cerebral H x receptors, as in- 
dicated by either the in vivo [ s H]mepyramine binding 
test or the direct measurement of their cerebral level, do 
not share these sedative properties and are therefore 
increasingly used in the therapy of allergic diseases 
(195, 497, 589, 591). Interestingly a variety of psychotro- 
pic agents, currently used in therapeutics as either anti- 
psychotics or antidepressants, which display strong af- 
finity for H x receptors in vitro (3, 287, 288, 610, 611, 757) 
and occupy cerebral H x receptors when administered at 
low dosage (589, 591), do share these characteristic seda- 
tive properties. Starting from these various observa- 
tions it was proposed that sedation elicited by these 
various drugs in humans could be ascribed to blockade 
of the arousal mechanisms mediated by histaminergic 
neurons in brain (589, 591, 611, 655, 662). It has been 
argued that sedation may as well be ascribed to other 
properties of these compounds, i.e., to their ability to 



block muscarinic and a r adrenergic receptors, or to 
their local anesthetic activity (334, 696, 753, 780). How- 
ever, in most cases, the affinity of these drugs for these 
other targets is much lower than for Hj receptors so 
that only the latter are likely to be occupied in brain at 
low therapeutic dosage: for instance the K t of mepyra- 
mine for Hi receptors is at least 1,000-fold lower than 
for muscarinic receptors (420). In addition, the high po- 
tency toward H t receptors is the sole common property 
of these various sedative compounds. 

The critical role of histaminergic neurons in 
arousal mechanisms is not only supported by pharmaco- 
logical studies but also by the observations that bilat- 
eral damage or experimental lesioning of the posterior 
hypothalamus is accompanied by a state of somnolence 
or hypersomnia in humans (791a), monkeys (597), rats 
(464, 488), and cats (484, 485, 727). Furthermore, lesions 
of the ventrolateral posterior hypothalamus induced in 
cats by the neurotoxin ibotenic acid specifically aimed 
at destroying HA perikarya were followed during the 
next days by large decreases in wakefulness at the bene- 
fit of paradoxical and then of slow-wave sleep; after 3 
days the animals recovered their control level of sleep, 
suggesting the intervention of compensatory mecha- 
nisms (638). 

Cortically projecting HA neurons of rat tubero- 
mammillary nucleus share with other aminergic neu- 
rons believed to control states of sleep and wakefulness 
a number of electrophysiological properties evidenced 
by extracellular recordings (604). They are firing sponta- 
neously, slowly (2.0 ± 1.5 Hz) and with a regular pattern; 
their action potentials are of long duration (2-6 ms), 
with a pattern suggesting the existence of an electro- 
tonic delay between spontaneously generated initial 
segment and somatodendritic spikes; and corresponding 
axons display low conduction velocity (0.3-0.5 m/s) con- 
sistent with the ultrastructural observations that a 
large fractions of HA axons are unmyelinated. 

Both neurochemical and electrophysiological stud- 
ies indicate that the activity of histaminergic neurons is 
maximal during periods of wakefulness. In several rat 
and guinea pig brain areas, particularly the hypothala- 
mus, the HA level shows a reliable circadian rhythm 
with the minimum in the dark phase, during which ro- 
dents are the more active (529, 660, 777, 793); although 
levels of His and HDC were not modified, synthesis ol 
[ 8 H]HA in hypothalamic slices was si g ni J can Y* j! 8 ^' 
when rats were killed during the dark phase (660) Be 
cause decreased amine levels and increased syntnesi: 
rates are usually associated with enhanced neuronal ac 
tivity, it was postulated that this was also the cas- 
for histaminergic neurons and that these observation 
were taken as supporting their role in arousal mecha 

^Tnttefreelv moving cat, single-unit extracellula 
recordings in the ventrolateral posterior ^hypoth _a amu 
detected two populations of neurons, the activity c 
which was strictly related to cortical desynchronizatio 
(784). One of them, which displayed electrophysiologic: 
properties very similar to HA neurons recorded m tb 
tuberomammillary nucleus of the anesthetized r. 
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04), was highly selective for the waking state. During 
tive wakening these neurons discharged slowly and 
gularly, the firing rate then became progressively 
Dwed during "calm wakening" and, even more, light 
3w-wave sleep; these neurons were completely silent 
iring deep slow-wave or paradoxical sleep (784). Barbi- 
rates and other hypnotics dramatically decrease HA 
mover in brain (327, 571). 

Hence a variety of complementary experimental 
>proaches indicate that HA neurons exert a major 
ntrol in wakening mechanims, their best substan- 
ited functional role so far. Available experimental evi- 
;nce suggests that this action is mainly subserved via 
! receptors, but the role of H 2 receptors remains to be 
oroughly investigated. It has been underlined that the 
sentially modulatory mode of action of HA mediated 
' H 2 receptors at the cellular level and the anatomic 
sposition of HA pathways fit particularly well with a 
!e in the regulation of states of awareness (276, 577). 
nally, H 3 receptors may also participate by control- 
ig not only the activity of HA neurons but also that of 
her neuronal systems. 



II. ROLE OF HISTAMINERGIC NEURONS IN CONTROL 
OF VARIOUS BEHAVIORS 

Relatively little research has been centered on the 
►le of histaminergic systems in the control of complex 
ihaviors (for review see Ref. 816). 

. Stress 

Contradictory results have been reported regarding 
:e effects of various stressful procedures in rats and 
ice. 

In rats, forced immobilization and/or cold exposure 
»creased HA levels and increased HA turnover in hypo- 
lalamus (742, 744), but the effect on HA levels could 
>t be confirmed by others (408). Air blasts increased 
A levels and HDC activity in rats (461, 463). 

In mice, forced immobilization for a relatively short 
;riod reduced whole brain HA turnover without af- 
cting HA levels (789), whereas the same treatment for 
iveral hours decreased HA levels (745). Footshock 
ress for 30-120 min did not affect HA levels but en- 
inced HA turnover, an effect partly mediated by en- 
)genous opioids (835). 

. Motor Activity 

Intracerebroventricular administration of HA 
icits biphasic changes in spontaneous locomotor activ- 
y in fowl (509), rats (373), and goats (774), with the 
/peractivity response being, in all cases, mediated by 
j receptors. However, in other studies only hypoac- 
vity was observed (110, 525). Inhibition of locomotion, 
)parently mediated by H x and H 2 receptors, was ob- 
Tved in rats shortly after injection of HA into the ven- 



tral hippocampus (14). Intra-accumbens injection of HA 
in rats elicited an initial hypoactivity, apparently me- 
diated by H 3 receptors, followed by hyperactivity, appar- 
ently mediated by Hj receptors (93, 94). 

In mice, histidine loads reduce the amphetamine- 
induced locomotor activity (142, 355), an effect that 
might involve endogenous HA. as it is suppressed by 
administration of a-FMH (355). 

In humans, several H 1 antagonists known to cross 
the blood-brain barrier impair psychomotor perfor- 
mance evaluated in a variety of complex skilled tasks 
(for review see Ref. 816). 



C Drinking and Eating 

A role for peripheral HA in the control of peripran- 
dial drinking has been proposed (415) but is not consid- 
ered here. When injected into several hypothalamic ar- 
eas, particularly the medial rostral areas, HA elicits 
drinking in water-satiated rats and increases drinking 
in water-deprived rats (247, 430, 431). These effects ap- 
pear to involve both H x and H 2 receptors, but blockade of 
these receptors by peripherally administered antago- 
nists does not result in clear-cut effects on drinking be- 
havior (415-417, 431). 

When injected intracerebroventricularly, HA sup- 
presses food intake in cats, an effect possibly mediated 
by H t receptors (133). However, in rats, when the amine 
is injected into the hypothalamus (136) or continuously 
infused into the suprachiasmatic nucleus (793), it has an 
opposite effect. 

A possible role of endogenous HA in the control of 
food intake is suggested by the observation that Hj but 
not H 2 antagonists induce feeding in rats when infused 
into the ventromedial hypothalamus during the light 
phase of the day; this effect was prevented by pretreat- 
ment with a-FMH (527a, 634, 635). Histidine loads (685) 
or thioperamide (T. K. Sakata, personal communica- 
tion) suppress food intake. 



D. Aggressive Behaviors 

Intracerebroventricular administration of HA de- 
creases electric shock-induced fighting in rats (450, 598) 
but has an opposite action when administered in high 
doses to mice (486). Histidine loads inhibit the same be- 
havior in mice (142). Various H t antagonists, generally 
in high dosage, suppress isolation-induced fighting in 
mice (46) or muricide activity in rats (527). 



E. Self-Stimulation, Reinforcement, and Aversion 

Histamine injected into rat hypothalamic perifor- 
nical area, where an electrode for self-stimulation was 
implanted, inhibited self-stimulation, and the effect 
was blocked by H x antagonists (136). Mepyramine de- 
creases self-stimulation, but chlorpheniramine has an 
opposite effect (807). 
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The H! antagonists are self-administered intra- 
venously in squirrel monkeys (63) but not orally in 
rats (222). 

When intracerebroventricular administration of 
HA was paired with administration of a sucrose solu- 
tion, taste aversion to the later developed (596). 



F. Learning 

Intracerebroventricular administration of HA to 
rats improved the retention of a learned behavior, 
apparently via stimulation of both H x and H 2 recep- 
tors (161). 

G. Discriminative Properties ofH 1 Antagonists 

In various animals trained to discriminate a H x an- 
tagonist from saline, there is complete generalization to 
most other drugs of this class (533, 815, 823). This sug- 
gests that the Hj antagonists share some common be- 
havioral properties but does not clarify the nature of the 
latter. 



H. Hallucinatory Properties of H s Antagonists 

There are several reports indicating that in a small 
number of patients taking cimetidine or ranitidine vi- 
sual or auditory hallucinations may occur, perhaps as a 
result of altered blood-brain barrier permeability (for 
review see Ref. 816). It is not clear, however, whether 
these effects are selectively related to H 2 receptor 
blockade. 



XIV. CONCLUSION 

During the last few decades, many reviews on the 
physiological role of HA in the brain were almost uni- 
formly concluded by the assertion that the amine should 
be considered as a putative neurotransmitter. The data 
reviewed here demonstrate, beyond any reasonable 
doubt, that this role is now fully established. Histamin- 
ergic neurons, although in small number, constitute one 
of these long tracts with widespread projections to large 
CNS areas, particularly in diencephalon and telencepha- 
lon. The localization of their target cells and the modes 
of action of HA at their level, as it is mediated by the 
three receptor subtypes, seems also largely, although 
incompletely, unraveled. From the available informa- 
tion it has been for a long time suspected that histamin- 
ergic neurons may coordinate diverse sensory, motor, 
hormonal, and vegetative functions to act in a concerted 
manner. These rather vague functions are similar to 
those currently ascribed to other aminergic neurons 
(noradrenergic, serotoninergic), but the picture is some- 
what less clear in the case of HA. One of the major 
challenges to take up now seems to be the understanding 
of the exact functional role of histaminergic neurons. 



Their implication in a variety of biological and physio- 
logical processes (e.g., arousal, pituitary hormone secre- 
tion, control of cerebral circulation, thermoregulation) 
has been so far mainly suggested from the observed ac- 
tions of HA or, in few cases, of agents modifying hista- 
minergic transmissions in the brain. However, in most 
cases, one notable exception being arousal: there is a 
lack of evidence that these physiological activities are 
correlated with changes in neuronal histaminergic ac- 
tivity. 

Monitoring these changes in behaving animals 
seems a prerequisite to more firmly confirm these 
various contentions. Establishing the nature of the in- 
formation received by histaminergic neurons seems 
equally important in this respect. Also, as in the case of 
most other neuronal populations, the functional signifi- 
cance of coexisting neurotransmitters, which are partic- 
ularly numerous in histaminergic neurons, needs to be 
established. In addition there is, so far, no clear indica- 
tion regarding a possible implication of histaminergic 
neurons in pathophysiology. 

Finally, a major challenge that remains to be taken 
up is the understanding of the functions of the nonneu- 
ronal store(s) of HA in the CNS. 

The dramatic progress recorded during the last few 
years in understanding the other functions of the amine 
make us confident that little time will elapse before 
these remaining and exciting physiological problems 
are solved. 

The skillful secretarial assistance of Annie Galtier and 
Mireille Cestrieres is gratefully acknowledged. 
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I. INTRODUCTION 



The recognition of histamine (HA) [or 2-(4-imida- 
zolyl)ethylamine] as a messenger molecule in cell-to-cell 
communication began early in this century. The early 
history of HA was dominated by Sir Henry Dale, the 
great British pharmacologist; Barger and Dale (44) were 
the first to identify the amine in ergot extracts. Thereaf- 
ter Dale and Laidlaw (151, 152) described the major ac- 
tions of HA on tissues, i.e., its potent contractile effects 
on smooth muscles and the capillary dilative action. Po- 
pielski (579) described the only other important HA ef- 
fect, the stimulant effect on gastric secretion. 

In 1927, Dale and co-workers (68) were among the 
first to isolate HA from a variety of fresh tissues, thus 
establishing that HA is a normal constituent of the 
body. In fact its name derives from "histos," the Greek 
word for tissue. However, Dale was reluctant to accept 
the notion that endogenous HA could function as a mes- 
senger molecule, that is, that HA could be released from 
its tissue stores to affect the activity of target cells. It 
was Feldberg (211, 212) who clearly demonstrated that 
HA was released from the lung during the anaphylactic 
response and that it induced a marked bronchoconstric- 
tion. 

These experiments suggested the role of HA in the 
mast cells of connective tissue, which are only one of its 
major stores. Although HA has long been suspected of 
not being restricted to mast cells, there was little knowl- 
edge of the localization and functions of the non-mast 
cells stores of the amine until recently. 

Insights on possible HA functions in the central 
nervous system (CNS) have been much slower in arriv- 
ing than studies on other amines. Nevertheless, the pres- 
ence of HA in brain can be traced back as far as other 
biogenic amines (1). Kwiatkowski (426) found that HA 
was more concentrated in gray matter than in white 
matter, and White (817) first showed that local synthe- 
sis of the amine occurs in the brain. 

It was not until 1970 that interest in brain HA re- 
sumed when sensitive radioisotopic assays for the 
amine and for L-histidine decarboxylase (HDC), its 
synthetizing enzyme, were developed (667, 743). These 
assays enabled the rapid accumulation of data, mainly 
biochemical, that indicated that HA needed to be added 
to the already long list of neurotransmitters. In particu- 
lar, lesion studies performed by Garbarg et al. (232) dem- 
onstrated for the first time the existence of histaminer- 
gic neurons in mammalian brain. This was confirmed 
when immunohistochemical tools to detect the amine 
(552, 707, 821) or its synthetizing enzyme (802) became 
available, and the origin and projections of these neu- 
rons are fairly well established now. Meanwhile it had 
been established that cerebral HA could be released by 
depolarization and in a calcium-dependent manner (32) 
and that its turnover is rapid and can be modified al- 
most instantaneously (568, 569). 

Equally important in establishing the role of HA as 
a neurotransmitter was the demonstration of the pres- 
ence in brain of three subclasses of receptors by bio- 



chemical (25, 56, 618) and electrophysiological ap- 
proaches (281). 

Thus the two last decades of research have resultec 
in a coherent picture of the involvement of HA in neuro 
nal communication. In addition, the design of an in 
creasing number of pharmacological tools to selectively 
modify HA transmission and their utilization in electro 
physiological, neurochemical, behavioral, and neuroen 
docrinological studies has led to a progressively mor 
precise hypothesis about the functions of HA neurons ii 
the CNS. 

The topic of HA in mammalian brain has been th 
subject of various general reviews in the last few year 
(228, 277, 328, 577, 584, 615, 666). Specific HA neuron 
and their targets have also been identified in the CNS c 
the invertebrate mollusk Aplysia, but this topic is nc 
considered here (for review see Ref. 811). The topics c 
brain HA receptors (105, 137a, 227, 255, 256, 304, 33< 
659) and of methodology in brain HA research have als 
been reviewed (238, 786, 805). 



II. METABOLISM OF HISTAMINE 



A. Biosynthesis 

Histamine poorly penetrates the brain from blot 
(648, 671) and therefore must be formed locally. Indee 
in vivo formation of radioactive histamine in brain w. 
detected after administration of its radioactive precu 
sor L-histidine (His) in cats (818), rats (571), or mi 
(789). Histamine biosynthesis involves two steps, i. 
transport of His into the cell and its decarboxylation 1 
HDC (for reviews see Refs. 33, 238, 576, 805). 



1. Histidine transport 

Saturable, energy-dependent His uptake occurs 
brain slices (788) and synaptosomes (127, 299, 365). T 
transport system in synaptosomes seems partly indept 
dent of Na + and K + , and kinetic analyses revealed t 
presence of both high- and low-affinity components. 
Histidine uptake is stimulated by depolarization (2' 
788). There is not yet evidence for the presence of a si 
cific His transport system in HA neurons, since ami 
acid transport is not altered after lesions of the lat 
(299). However, detection of such a system might be c 
ficult in view of the small number of HA nerve endir 
in brain. The His level is similar in the C ? histaminer 
and nonhistaminergic neurons of Aplysia (813). 



£ Properties of L-histidine decarboxylase 

L-Histidine decarboxylase (EC 4.1.1.22) and 
dopa decarboxylase (EC 4.1.1.28) is responsible for 
one-step HA formation in brain (42, 650, 651, 667, ' 
813). L-Histidine decarboxylase has been exclusively 
rified from various peripheral tissues displaying h 
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catalytic activity (268, 292, 454, 575, 576, 642, 643, 731, 
758, 801, 806, 832) and from most studies appears as a 
protein of 110-125 kDa constituted of two identical sub- 
units of 55-60 kDa with an isolectric point around 5.5. 
The existence of various HDC isoenzymes has been sug- 
gested from isoelectric focusing patterns (454, 642, 643) 
and immunologic studies (804, 805). In addition, varia- 
tion in the structure of kidney HDC in mouse strains 
affecting its affinity for its cofactor and its heat stabil- 
ity was shown and attributed to the existence of alleles 
of a single structural gene on chromosome 2 (455). 

However, HDC from various rat tissues, including 
the brain, displays similar catalytic activity and is simi- 
larly recognized by both monoclonal (573-575) and poly- 
clonal antibodies (731). Also HDCs in brain homoge- 
nates from Aplysia californica (813), rat (667), mouse 
(745), guinea pig (650, 651), rabbit (516), hamster (296), 
and human (42) display rather similar catalytic activity. 
Similar to other mammalian decarboxylases, HDC 
functions with the cofactor pyridoxal-5'-phosphate, 
which is so highly bound to the apoenzyme (456, 540, 
541) that its addition to cerebral extracts does not result 
in marked increases in catalytic activity (Schwartz, 
Garbarg, and Pollard, unpublished observations). Char- 
acteristically, HDC decarboxylates His with a Michaelis 
constant (K m ) and a maximum rate ( V max ) that change 
with the pH and ionic strength of the medium (33, 290, 
667, 805). At a pH of ~7.0 in standard buffers the K m of 
His is ~~ 0.1 mM, a value that appears to be close to the 
plasma concentration and, presumably, the intraneu- 
ronal concentration of the amino acid, accounting for 
the observations that HA levels in rodent brain are in- 
creased after systemic administration of His in large 
dosages (668, 745). The turnover number of purified 
HDC (~0.4 s" 1 ) seems low compared with that of other 
amino acid decarboxylases (454). 

Recently, the complete amino acid sequence of rat 
HDC was deduced from the cloning, from a fetal liver 
library, of a cDNA encoding the enzyme (367a). It com- 
prises 655 amino acid residues, corresponding to a pro- 
tein of 73 kDa, a value significantly higher than the 55- 
to 60-kDa values found after purification of the sub- 
units, suggesting that HDC might be postranslationally 
processed. Rat HDC displays distinct homologies with 
other pyridoxal phosphate-dependent enzymes, such 
as dopa decarboxylase, particularly in the region 
surrounding the putative cofactor-binding lysine resi- 
due (Lys 307 ). The sequence comprises two consensus 
phosphorylation sites of cAMP-dependent protein ki- 
nase. The HDC gene was located to mouse chromosome 
2, where it is closely linked to the ^-microglobulin gene 
(367a). 

L-Histidine decarboxylase displays a high sub- 
strate specificity toward His, with the sole other decar- 
boxylated natural amino acid being 3-methylhistidine, 
which yields tete-methylhistamine (£-MeHA) (674), a 
substance with little biological activity that is mainly 
formed in brain by methylation of HA. Because both the 
affinity of 3-methylhistidine for HDC and its tissue lev- 
els are low, the functional significance of this minor 
pathway remains doubtful. Other natural amino acids 



display even lower apparent affinities for HDC, and 
their decarboxylation was not demonstrated (633). The 
two HDC inhibitors a-methylhistidine (194, 650) and 
a-fluoromethylhistidine (412) are decarboxylated 
by HDC. 

In several peripheral tissues, such as the stomach 
or skin, HDC activity can be rapidly and markedly in- 
creased as a result of various treatments, e.g., by hor- 
mones (647), that may induce synthesis of HDC mole- 
cules (673). In brain, similar changes were not reported 
but, after its nearly total inactivation by a "suicide-in- 
hibitor," cerebral HDC is synthesized at a high rate: 
^50% of the initial HDC activity is recovered within 26 
h in the hypothalamus, where HA perikarya are located, 
and within 58 h in the cerebral cortex, which contains 
nerve endings (235). From this time lag it has been in- 
ferred that HDC is transported at a rate of — 1 mm/h, 
roughly corresponding to the mean transport rate of 
other monoamine-synthesizing enzymes. 

3. Localization of L-histidine decarboxylase 

Biochemical and immunohistochemical studies 
have revealed the presence of HDC in the cytoplasm of a 
population of cerebral neurons (see sect. in). L-Histidine 
decarboxylase activity is distributed in a markedly het- 
erogeneous fashion between cerebral regions, with the 
highest levels being found in hypothalamus, the lowest 
levels in cerebellum, and intermediate levels in telence- 
phalic areas (55, 664, 667, 745). Heterogeneous distribu- 
tions are also found among nuclei of the hypothalamus 
(567), upper brain stem (572), amygdaloid complex (60), 
or areas of the hippocampal formation (40). In^ontrast, 
HDC activity does not vary markedly between areas of 
the cerebral cortex (42, 231). These regional distribu- 
tions of HDC activity are generally consistent with 
data derived from immunohistochemical studies (see 
sect. in). 

Subcellular fractionation studies indicate that 
HDC is mainly found in the cytoplasm of isolated nerve 
endings (55, 745, 751), a conclusion confirmed by immu- 
nohistochemical studies at the electron-microscopic 
level (294). In the hypothalamus, which contains HA 
perikarya, a lesser proportion of HDC activity than in 
other areas is associated with subcellular fractions 
enriched in nerve endings (55), and HDC immunoreac- 
tivity is detected all over the cytoplasm surrounding the 
large cell nucleus of these neurons (294). In the neonatal 
brain, i.e., before formation of most HA synapses, HDC 
activity is low, particularly in telencephalic areas, and 
mainly recovered in soluble (nonsynaptosomal) subcel- 
lular fractions (457, 751). The earliest detection of HDC 
in hypothalamus during postnatal development is con- 
sistent with the expression of the enzyme in perikarya 
from this region (457). 

Although HA neurons constitute the major localiza- 
tion of HDC, small fractions of the cerebral enzyme are 
held in mast cells (457). 

4. Inhibition of L-histidine decarboxylase 

Because HA is synthesized in a single step and by a 
highly specific enzyme, HDC inhibitors are potentially 
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useful tools with which to investigate the role of HA. 
Until recently, only compounds with limited specificity 
and low potency, such as a-hydrazinohistidine, brocre- 
sine, or a-methylhistidine, were available (433, 667, 668, 
743,745). In 1978, Kollonitsch et al. (412) designed S-a- 
fluoromethylhistidine (a-FMH) among a series of po- 
tential "suicide" or catalytic constant (K C J inhibitors 
of amino acid decarboxylases. S-a-fluoromethylhisti- 
dine potently inhibits in a stereoselective, time-depen- 
dent, concentration-dependent, and irreversible manner 
cerebral HDC with an inhibitor constant (K{) of ~~10~ 5 
M, whereas related decarboxylases such as dopa or glu- 
tamate decarboxylase are not significantly affected 
(235). Indeed a-FMH is a suicide substrate that remains 
bound to the enzyme after being decarboxylated (194, 
421). S-a-fluoromethylhistidine is similarly potent on 
HDCs of humans (763), Aplysia (812), and even Morgan- 
ella morgana (295). 

From this mechanism it seemed feasible to cova- 
lently label and detect HDC autoradiographically on 
tissue sections; however, because of a high background, 
this procedure could not be applied to histochemistry 
(665). S-a-fluoromethylhistidine, administered system- 
atically in rather low dosages, rapidly, completely, and 
in a long-lasting manner inactivates HDC in brain and 
peripheral organs (82, 83, 235, 296, 446, 692, 792). Resto- 
ration of activity occurs progressively, presumably as a 
result of neosynthesis of HDC molecules, and in brain 
the process is first detected in the hypothalamus in 
which HA perikarya are located (235). Because a-FMH 
efficiently depletes HA stores in cerebral neurons (235, 
446), the drug is a useful tool for investigating the amine 
turnover and functions therein. 



5. Regulation of histamine biosynthesis 

Various treatments that drastically affect HA turn- 
over in brain fail to alter its steady-state level to any 
large extent, implying the existence of efficient regula- 
tory processes (356, 357, 360, 504, 571). The latter can 
even be demonstrated to occur in vitro, since the depolar- 
ization-induced release of [ 8 H]HA from slices or synap- 
tosomes incubated in the presence of pHJHis is accompa- 
nied by a large increase in the rate of [ 3 H]HA formation 
(23, 26, 28, 787, 788). In the absence of Ca 2+ in the exter- 
nal medium, not only release but also stimulation of 
synthesis is abolished, suggesting some relationships be- 
tween the two effects. However, this interpretation is 
not entirely clear, since pH]HA synthesis is already ac- 
tivated by removal of external Ca 2+ in the absence of 
depolarization (28). 

The mechanism by which external Ca 2+ regulates 
[ 8 H]HA synthesis is not known, but parallel changes in 
catecholamine formation have been ascribed to activa- 
tion of the rate-limiting enzyme tyrosine hydroxylase 
by phosphorylation via adenosine 3',5'-cyclic monophos- 
phate (cAMP)- or Ca 2+ -dependent protein kinases (252). 
A similar process was preliminarily suggested to occur 
in the case of cerebral HDC, the activity of which was 
enhanced by preincubation with a cAMP-dependent 



protein kinase (191), but this could not be confirmed on 
mastocytoma HDC (291). Theoretically, depolarization- 
induced stimulation of [ 3 H]HA formation could result 
from an enhancement of [ 3 H]His uptake, but the latter is 
only weakly enhanced in slices (788) and even decreased 
in synaptosomes (127, 299). However, stimulation of a 
quantitatively minor but specific system for the amino 
acid uptake in HA neurons having so far escaped detec- 
tion cannot be discarded. A direct feedback inhibition of 
soluble HDC by added HA has been excluded (668). 

Histamine formation in brain slices and synapto 
somes as well as in rat brain in vivo is, similar to [ 3 H]H^ 
release, regulated via H 3 autoreceptors (23, 26, 28, 239 ^ 
In vitro, K + -induced stimulation of pHjHA formation i= 
reduced by 60-70% in the presence of HA or H 3 -recepto 
agonists in low concentrations; conversely, it is en 
hanced by H 3 -receptor antagonists, presumably vi. 
blockade of autoinhibition elicited by released HA, act 
ing at the autoreceptors. The mechanism of H 3 receptor 
mediated regulation of [ 3 H]HA formation is not knowr 
mainly because the transduction system of H 3 receptor 
is not yet identified. 

Stimulation of presynaptic M x muscarinic (270) c 
a 2 -adrenergic receptors (271) in slices or in rat brain i 
vivo also reduces [ 3 H]HA formation to the same exter 
as H 3 receptor stimulation does. 



B. Storage 

Histamine is present in the brain of invertebrat 
(607), lower vertebrates (10), and mammals. In sever 
mammalian species, such as dogs (4), cats (5), rabbits ( 
254), monkeys (513, 741), guinea pigs (79), rats (619, 74: 
mice (629, 660), hamsters (296), and humans (440), it 
distributed in a highly nonuniform manner betwe* 
grossly dissected regions and even among nuclei in r 
gions such as the hypothalamus (98, 567). 

A variety of biochemical and pharmacological a 
proaches strongly indicated that the cerebral amine w 
held in at least two classes of cellular stores, neuro 
and mast cells (654). With the advent of histochemi* 
methods, these two classes of HA-storing cells have n; 
been visualized (see sects, ill and IV). Although m: 
cells are scarce in the brain, because of their high I 
content they significantly contribute to the over 
amine content, particularly in certain brain regions. 

Data from subcellular fractionation studies (1 
231, 383, 423, 457, 467, 654, 697) are consistent with t 
dual localization. In mast cells from various tissues, 1 
is held in large granules that sediment with the cn 
nuclear (P x ) fraction. Consistently a fraction of cereb 
HA (—20% ) sediments with this fraction, a feature tl 
is not observed for other amines. In addition, a lar 
fraction of the amine sediments with both the cn 
mitochondrial (P 2 ) and microsomal (P 3 ) fractions t 
both contain synaptosomes, i.e., pinched-off nerve e 
ings. Within the P 2 and P 3 fractions, HA is larg 
bound to vesicles, whereas HDC is mainly soluble: t 
indicates that HA, similar to other neurotransmitt 
is synthesized in the cytoplasm of nerve endings ; 
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thereafter bound to synaptic vesicles. In the bovine ret- 
ina, —80% of HA sediments with the heavy P l fraction, 
which contains vascular elements and large nerve end- 
ings (513). 

Microvessels isolated from homogenates of bovine 
(362), rat (382), or guinea pig brain (616) have high levels 
of HA with low HDC activity. In these fractions HA 
might be held either in endothelial cells or mast cells 
that are intimately associated with the cerebral vascula- 
ture. 



C. Release 



1. Release in vitro 

Endogenous HA is released by K + -induced depolar- 
ization of cerebral slices via a Ca 2+ - and temperature- 
dependent process (32, 360, 505, 519, 747). However, on 
this model the spontaneous efflux of HA is relatively 
high, as some part of the amine might originate from 
mast cells, and the K + -induced stimulation is of limited 
amplitude, resulting in only 50-100% increases in the 
HA level in medium. The 20 mM K + -induced release of 
endogenous HA from slices of mouse hypothalamus is 
enhanced at low concentrations of glucose, an effect 
largely prevented by tetrodotoxin (505). 

Tritiated HA synthesized from [ 3 H]His in slices 
from various brain areas is released by depolarizations 
induced by K + (25, 27, 28, 787, 788), electrical stimuli 
(781-783), or veratridine (25, 27). This occurs over a low 
spontaneous efflux and results in a 5- to 10-fold increase 
in pHJHA in medium. Release of pH]HA from depolar- 
ized slices is completely inhibited in the absence of Ca 2+ 
or in the presence of 10 mM Mg 2 "", suggesting that it 
results from the opening of voltage-sensitive Ca 2+ chan- 
nels (25, 782, 788). Doubling the external Ca 2+ concen- 
tration diminishes the 30 mM K + -induced release of 
[ 8 H]HA, presumably via inactivation of Ca 2+ channels 
by an excess of intracellular Ca 2+ (27). Conducted action 
potentials are presumably involved for a small part in 
the 30 mM KMnduced release, because the latter is only 
weakly reduced in the presence of tetrodotoxin (27). 
Neosynthesized [ 3 H]HA is also released from depolar- 
ized synaptosomes (27) but not from mast cells (788). All 
these features are consistent with the idea that depolar- 
ization of histaminergic nerve endings induces HA se- 
cretion via mechanisms similar to those operating for 
other neurotransmitters. 

Superfused brain slices preincubated in the pres- 
ence of [ 3 H]HA accumulate the amine against a small 
concentration gradient (tissue-to-medium ratio of 2) 
and release radioactivity on depolarizations induced 
electrically or by K+ or veratridine (74, 475, 476, 512, 715, 
716) Although the Ca dependency of the process sug- 
gests that pHJHA originates from neurons, its signifi 
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axons. Moreover, from the effects of neurotoxin-induced 
lesions it appears that a fraction of exogenous [ 3 H]HA 
enters dopaminergic and 5-hydroxytryptamine (5-HT) 
neurons (695). 

Compound 48/80, a mast cell degranulator, releases 
endogenous HA (788) and exogenous [ 3 H]HA (716) but 
not neosynthesized [ 3 H]HA (788) from hypothalamic 
slices. In contrast, reserpine, a drug interfering with 
storage processes in aminergic neurons, releases both 
endogenous HA (747) and neosynthesized [ 3 H]HA (787) 
from these slices. These differential effects presumably 
illustrate the multicompartmentation of the amine in 
the brain and the fact that, in contrast with the neuro- 
nal pool, the slowly turning over pool is not readily la- 
beled by [ 3 H]His. Mast cells do not possess voltage-de- 
pendent Ca 2+ channels in their plasma membrane and 
therefore do not release HA on depolarization (187, 716). 



£ Release in vivo 

Spontaneous and KMnduced release of endogenous 
HA into superfusates of the hypothalamus of anesthe- 
tized cats and freely moving rabbits was detected (560, 
562). The spontaneous release appeared to vary rhyth- 
mically in hypothalamus but also in mammillary bodies 
or medial amygdaloid nucleus (583). After lesions of the 
ascending histaminergic pathway at the hypothalamic 
level, the HA content in the cerebral cortex transiently 
rises, which may reflect an impaired release resulting 
from the interruption of impulse flow (40, 231). Electro- 
physiological responses triggered in the cerebral cortex 
(640), hippocampus (284, 285), or nucleus accumbens 
(126) by large stimulations of putative afferent path- 
ways were significantly impaired by iontophoretic ap- 
plication of HA receptor antagonists. 

These observations may be taken as indirect evi- 
dence for a stimulation-induced release of endogenous 
HA in vivo. 



3. Control of histamine release by autoreceptors and 
heteroreceptors 

In slices from several regions of rat brain the re- 
lease of neosynthesized pHjHA induced by either K + 
(25-27), veratridine (25-27), or field electrical stimula- 
tion (781-783) is strongly inhibited on addition of exoge- 
nous HA in the external medium; In overflow experi- 
ments, the maximal inhibition of release may be as high 
as 80% with 30 mM K + stimulations (666) or nearly total 
with electrical stimulation (782, 783). Inhibition is more 
marked for depolarizing stimuli of low intensity (27). 
The autoinhibitory effect of HA appears to be a recep- 
tor-mediated effect, since it displays saturability [the 
half-maximal effective concentration (EC^,) of HA is 
—0.1 mM], reversibility (it is suppressed by washing out 
the excess of exogenous HA from the preparation), and 
high pharmacological specificity, being mimicked or an- 
tagonized in a competitive manner by several agents 
displaying low if any activity at Hj and H 2 receptors. 
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This last feature has led to the pharmacological defini- 
tion of H 3 receptors (23, 25). The fact that H 3 receptors 
are directly located on histaminergic terminals was 
shown by various data: 2) the autoinhibitory effect of 
HA persists when the propagation of action potentials 
in the brain slice is blocked by tetrodotoxin, 2) it also 
persists in slices from kainate-injected striatum, and 3) 
it is also found with a synaptosomal preparation (26, 
27). The extent of the autoinhibition can be modulated 
in a complex manner by changes in extracellular Ca 2+ , 
suggesting that H 3 receptors regulate HA release via a 
control of Ca 2+ entry (27). 

The fact that selective H 3 -receptor antagonists mod- 
estly but significantly enhance [ 3 H]HA release from de- 
polarized slices and, when systematically administered, 
markedly enhance cerebral HA turnover indicates that 
H 3 receptors are tonically activated in vivo (23, 239, 
519a). This observation might be related to the fact that 
endogenous HA concentration in human lumbar cere- 
brospinal fluid (CSF) (-0.4 M M) is above the EG* of HA 
at H 3 receptors (34, 388, 714). However, HA levels were 
found to be clearly lower when assayed by different 
methods (776a), and HA levels in ventricular CSF or 
extracellular fluid of the brain are not known. 

Release of neosynthesized [ 3 H]HA from rat brain 
slices and synaptosomes is inhibited by stimulation 
of muscarinic M x receptors (270), a 2 -adrenoreceptors 
(271, 310, 312), and opioid K-receptors (271a). In contrast, 
[D-Ala 2 -A r -Me-Phe 4 ,Gly 5 -ol]enkephalin (DAGO), a spe- 
cific agonist at ^-opiate receptors stimulates the 30 mM 
K + -evoked HA release from mouse brain slices (360). 
Hence not only auto- but also heteroreceptors appear to 
control the amine release. 



D. Inactivation 



L Uptake 

In several studies with brain slices or synaptosomes, 
no evidence for an active transport system for HA oper- 
ating at histaminergic nerve endings could be found (324, 
489, 664, 740). In contrast, uptake of labeled HA in brain 
slices, occurring against a limited concentration gra- 
dient, was reported in other studies (74, 475, 476, 512, 716, 
778), some of which also demonstrated that the radioac- 
tivity could be subsequently released by depolarization 
(see sect. nC). However, the maximum tissue-to-medium 
ratio was low, the energy dependence of the process not 
demonstrated, the regional distribution of this accumu- 
lation did not reflect that of HA neuronal markers, and 
finally release of accumulated [ 3 H]HA was not regulated 
by H s autoreceptors. This suggests that no significant 
uptake occurred at HA nerve endings. On the contrary, 
recent lesion studies indicate that a fraction of [ 3 H]HA is 
accumulated into serotoninergic and dopaminergic neu- 
rons (695). In summary, HA neurons appear to be almost 
unique among monoaminergic neurons in that they lack 
a high-affinity reuptake system. 



2. Transmethylation of h istaviine 

In various tissues, HA catabolism occurs along two 
alternative pathways, i.e., transmethylation into t- 
MeHA catalyzed by histamine AT-methyltransferase 
(HMT, EC 2.1.1.8) and oxidative deamination into imid- 
azolacetic acid, catalyzed by diamine oxidase (histamin- 
ase, EC 1.4.3.6) (602, 603. 645). Contrary to an early report 
(698), only the former pathway operates in mammalian 
brain, as shown by the failure to detect diamine oxidase 
activity (103) or formation of labeled imidazolacetic acid 
after intracerebral administration of labeled HA; in con- 
trast, both £-MeHA and its deaminated metabolite tele- 
methylimidazole acetic acid (£-MIAA) were detected (648. 
649, 671). Low levels of MMeHA are present in monkey 
and human CSF (389, 585, 722, 723). 

Methylation also appears to be the main, presum- 
ably the only, pathway for the catabolism of endoge* 
nously synthesized [ 3 H]HA in vivo (571, 601, 602, 648, 649 
672, 818) or in vitro after its depolarization-induced re 
lease (27, 788). Endogenous MMeHA is present in brain ai 
levels in the same range as' those of HA and with a simi 
lar regional distribution (238a, 330, 336, 521, 522, 629) 
The large decreases in MVIeHA levels elicited by inhibi 
tion of either HDC (521, 522, 629) or HMT (339) impb 
that in vivo i-MeHA is mainly formed by HA methyl 
ation. However, a small contribution of the pathway in 
volving decarboxylation of the natural amino acid tele 
methylhistidine by HDC cannot be dismissed (674). Sub 
cellular fractionation indicates that, in contrast to HA 
£-MeHA is more abundant in the supernatant than ii 
synaptosome-containing fractions (336), suggesting it: 
predominantly extraneuronal formation. 

teZe-Methylhistamine is inactive at H lf H 2 (226), ant 
H 3 receptors (25). The activity of HMT is high in th. 
brain of various mammalian species in which its rathe 
homogeneous regional distributions does not reflect tha 
of HA neuron markers (36, 96, 628, 664, 771, 777). O: 
subcellular fractionation, cerebral HMT is mainly recov 
ered in the supernatant, with a rather minor contribu 
tion of the soluble fraction from synaptosomes (95, 423. 
Histamine AT-methyltransferase is present in bot- 
glioma and neuroblastoma cell lines (236) as well as i: 
cerebral microvessels (382). Neither lesion-induced de 
generation of HA neurons nor intrahippocampal kainat 
(234) significantly affect telencephalic HMT (75, 237). I 
contrast, HMT was reduced in the striatum after loc; 
administration of kainate (699) and in the neurohypc 
physis after section of the pituitary stalk (785). Althoug 
HMT has not been visualized histochemically, all thes 
data suggest that HMT is present in the cytoplasm of 
variety of cerebral cells into which released HA has t 
enter (see sect. uDl). Diurnal (777) and hypertonic s; 
line-induced (785) variations in neurohypophyseal HM 
have been described. v 

Histamine AT-methyltransferase from various tit 
sues has been purified to homogeneity (88, 293, 460) an 
its properties reviewed (81, 786). The enzymes from brai 
and kidney have similar physicochemical, catalytic, an 
immunologic properties. They have a M T of 30,000, a pi < 
5.3, and an optimum pH for HA methylation of 7.5-9. 
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They catalyze the transfer of a methyl group from the 
universal donor S-adenosyl-L-methionine selectively to 
the te/e-nitrogen of the imidazole ring of HA. The K m s of 
both substrates are ^ 10 /iM. No endogenous substrate 
other than HA has been identified. In vitro, HMT is inhib- 
ited by HA at concentrations > 100 /iM (47, 460, 746), but 
this may not have physiological relevance. Histamine N- 
methyltransferase is also inhibited by its two reaction 
products, i.e., £-MeHA (96, 438) and S-adenosyl-L-homo- 
cysteine (53, 529, 664, 837), with K,s in the same range as 
the K m s of its two substrates, implying a possible regula- 
tory role (664). Although a different kinetic mechanism 
was proposed (748), a variety of features indicate that 
HMT functions with an ordered bi-bi-mechanism (30, 53, 
219, 530). 

In vitro, HMT can be inhibited by a large variety of 
drugs including H^, H 2 -, and H 3 -receptor antagonists 
(for review see Ref. 786), with one of the most potent 
compounds being SKF 91488, a dimaprit analogue devoid 
of activity at receptors (58). In vivo, the most effective 
compounds to inhibit cerebral HMT are amodiaquin (664, 
748) and, even more, metoprine (192). The latter de- 
creases £-MeHA (339, 357, 835) and increases HA in rat 
brain (192, 838), confirming the key role of HMT in HA 
inactivation. 



S. Oxidative deamination of tele-methylhistamine 

The cerebral levels of radioactive £-MeHA formed 
from either labeled HA (648, 649, 671) or labeled His (571, 
601) rise markedly in rodents treated with monoamine 
oxidase (MAO) inhibitors, such as pargyline, that are de- 
void of diamine oxidase inhibitory capacity. These drugs 
also increase endogenous i-MeHA (238a, 338, 522). This 
occurs without marked changes in levels of endogenous 
or labeled HA. Hence MAO seems responsible for the 
oxidative deamination of £-MeHA. The type B iso- 
enzyme of MAO catalyzes the reaction, as shown 
with MAO inhibitors more selective than pargyline 
(329, 796). 

Deamination of fc-MeHA results in the formation of 
i-MIAA (645), which therefore represents the final prod- 
uct of HA metabolism in mammalian brain (389, 648, 
649). Its level is reduced, although slowly, after inhibition 
of either HMT (339) or HDC (721). Probenecid, a drug 
inhibiting the active transport of deaminated metabo- 
lites of various monoamines from brain, does not appar- 
ently affect that of £-MIAA (387, 671). Endogenous t- 
MIAA is present in monkey and human CSF at levels 
slightly higher than those of £-MeHA (389, 585, 723). 



brain contains an AT-acetylhistamine deacetylase (205, 
297), endogenous acetylation of HA is not substantiated. 

In invertebrates a major inactivation pathway for 
HA may consist of the formation of the peptidoamines 
Y-glutamyl-HA (703) or a-alanyl-HA, i.e., carcinine (20). 
Peptidoamines are also formed when HA and various 
amino acids are incubated with brain homogenates, but 
the physiological relevance of this observation has re- 
mained obscure (413, 599). 



E. Turnover 

Isotopic tracer methods, the first to be applied to the 
determination of HA turnover rate in brain, revealed 
that the half-life of the amine is a matter of minutes and 
can be altered almost instantaneously (170, 571). These 
early observations, which supported the contention that 
HA was released from neurons, have been essentially 
confirmed and extended with the development of various 
nonisotopic methods (for reviews see Refs. 258, 629). 



1. Isotopic methods 

With no selective uptake mechanism to mix radioac- 
tive HA to the endogenous stores, the latter must be la- 
beled with the radioactive precursor to realize turnover 
studies. In early studies, pH]His was administered intra- 
cerebroventricularly in lightly anesthetized rats, and the 
fluctuations of the specific radioactivities of [ 3 H]HA and 
[ 3 H]His were typical for a precursor-product relationship 
in a single open compartiment (170, 571). Analysis of this 
relationship using two different mathematical models 
led to values of 46 min (571) and 30 s (170) for the half-life 
of HA in whole brain. Neosynthesized [^JHA was local- 
ized in subcellular fractions containing nerve endings 
(571). However, the mode of administration of the tri- 
tiated precursor is unphysiological and results in a non- 
uniform labeling of various brain areas. 

These drawbacks are avoided by intravenous admin- 
istration of [ 3 H]His either in a pulse or at a constant rate 
(23, 660, 789). The mean half-life of HA in mouse brain 
was 46 min after constant rate infusion (660), a value 
similar to that found in rat brain (571), and 20 min after 
pulse injection (660). The values did not markedly differ 
between regions; however, there was a slightly shorter 
half-life in pons-medulla. The half-life of HA was much 
shorter in brain than in any peripheral organ (660). 



£ Nonisotopic methods 



I Other inaetivaticm pathways 

The good agreement between turnover rates derived 
from the application of various methods indicates that 
formation of £-MeHA and its subsequent deamination 
constitutes the major if not the sole metabolic pathway 
for cerebral HA (see next section). Although mammalian 



Among the various experimental approaches that 
could theoretically be applied to the evaluation of HA 
turnover rate, only two have been extensively used; they 
consist of determining the rates of endogenous HA de- 
cline and £-MeHA elevation after inhibition of HDC and 
MAO, respectively. 

After irreversible inactivation of HDC by a-FMH, 
HA levels decrease rapidly in mouse, guinea pig, and rat 
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brains (23, 235, 447, 507, 629). However, even a few hours 
after nearly total inactivation of HDC, the amine deple- 
tion is not complete, evidencing the presence of a resis- 
tant pool with a very slow turnover, the existence of 
which was already suggested in studies with less potent 
and reversible inhibitors (744, 745). The mean maximal 
HA depletion by a-FMH is —50% but varies among CNS 
areas and animal species; in all species, no significant 
depletion occurred in the spinal cord (235, 507, 522, 629). 
The depletion of HA is rapid in a subcellular fraction 
containing nerve endings (23), indicating that HA turn- 
over is rapid in neurons, but the cellular localization of 
the slowly turning over pool is still debated. In the brain 
of W/W v mice, a mutant devoid of mast cells, 
HA levels are lower than in congenic normal mice and, in 
contrast to the latter, are almost completely depleted by 
a-FMH (447, 793, 833). However, this difference has not 
been confirmed in other studies (269, 335, 528). 

The mean half-life of HA in the rapidly turning over 
pool is 30 min in rat, mouse, and guinea pig brains (23, 
521, 522, 629). Whereas steady-state levels of HA vary 
markedly among regions, this is generally not the case 
for half-lives, but slightly higher values are found in the 
hypothalamus where HA perikarya are present. 

After administration of pargyline, a MAO inhibitor, 
endogenous £-MeHA levels rise (238a, 337, 338, 521, 522, 
629) at a rate that is likely to reflect that of HA release 
(571). From this rise, and with some assumptions, half- 
lives for HA can be derived that are generally in the same 
order as those obtained using synthesis inhibition or iso- 
topic methods. Again the HA half-life is the longest in 
the hypothalamus, and the pargyline-induced rise in t- 
MeHA is negligible in spinal cord. 

One potential limitation of these nonisotopic meth- 
ods is that they require the administration of drugs in 
high dosages to completely block a metabolic pathway, 
and this could affect directly or indirectly the activity of 
histaminergic neurons. However, pargyline treatments, 
which are likely to affect several monoamines, do not 
generally modify HA steady-state levels (629) or turn- 
over measured with [ 3 H]His (571). 



3. Drug-induced changes in turnover 

Histamine turnover in rat brain is reduced almost 
instantly on administration of barbiturates and a variety 
of hypnotics or anesthetics (37, 568, 571). Similar elfects 
are observed with other "sedative" agents, such as the 
7-aminobutyric acid (GABA)-mimetic drugs muscimol 
and benzodiazepines (506, 520), ethanol (356), and A 9 - 
tetrahydrocannabinnol (519), the latter attributed to an 
inhibition of HA release. Other agents inhibiting HA re- 
lease in vitro via stimulation of presynaptic histamine 
H 3 , a 2 -adrenergic, or muscarinic M x receptors reduce HA 
turnover in vivo (23, 270, 271). In contrast, reserpine, a 
drug interfering with the storage mechanisms of mono- 
amines and releasing HA in vitro (747, 787), accelerates 
HA turnover (569). In vivo, blockade of H 3 receptors (23, 



239, 519a) but not muscarinic or adrenergic receptors 
(270, 271) accelerates HA turnover, suggesting that only 
H 3 receptors are tonically activated in vivo. 

Morphine (504), DAGO, a specific agonist at ^-opiate 
receptors (360), and [D- Ala 2 ,D-Leu 5 ]enkephalin, a nonspe- 
cific agonist at 6-opiate receptors, but not ethylketazo- 
cine, an agonist at *-opiate receptors (359), enhance HA 
turnover. The psychotomimetic agent phencyclidine has 
a similar effect, which is blocked by naloxone, an opiate 
receptor antagonist (357, 359). After the various treat- 
ments modifying HA turnover, Saeki and co-workers 
(504. 519, 520) found that the steady-state level of t- 
MeHA was modified in an apparently unrelated manner, 
suggesting that this level does not constitute a reliable 
turnover index. 



III. DISPOSITION OF HISTAMINERGIC 
NEURONAL PATHWAYS 

In 1974, the decrease of HDC activity found in many 
rat brain areas after lesions of the lateral hypothalamic 
area was the first evidence for the existence of an ascend- 
ing HA neuronal pathway with widespread projections 
to almost all regions of mammalian brain (232). Ten 
years later, the exact localization of HA perikarya in the 
posterior hypothalamus was established immunohisto- 
chemically using HA (552, 707) and HDC antibodies (802, 
803). During the same period, HA neurons had been iden- 
tified in Aplysia brain by biochemical analysis of micro- 
dissected tissues (813). 



A. Lesion Studies 

The rough disposition of HA pathways in rat brain, 
initially established by lesion studies, is now confirmed 
and obviously largely extended by immunohistochemical 
data. Hence these studies, which are reviewed in detail 
elsewhere (666), are rapidly summarized here. 

Unilateral interruption of the medial forebrain bun- 
dle leads to ipsilateral decreases in HDC activity (by 50- 
55%) and HA levels (by 25-30%) in telencephahc and 
diencephalic areas rostral to the lesion (231, 232). inc 
existence of ascending fibers emanating from the same 
bundle was also deduced from the effects of discrete le- 
sions of the afferents to the hippocampal region (40) ana 
amygdaloid nuclei (60). From the analysis of a series oi 
discrete lesions in the mesodiencephalon a localization oi 
corresponding perikarya in the mammillary region oi t 
hypothalamus (and the ™e h ^ 
ticular formation) was suggested (233). * in *"* f m ^ 
tence of a descending HA pathway f^^^iyu^ 
posterior hypothalamus and projecting ratner _ 
various brain stem nuclei was proposed £'f^ d - m 

Recently, unilateral lesions with " 
vicinity of the mammillary bodies (^f.,"^ 
are located) induced bilateral reductions in ^ 
the hypothalamus and frontal cortex but an *j 
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reduction in hippocampus. In contrast, HA levels in- 
creased markedly in the neurohypophysis (501). 

B. Imwunohistochemical Tools 

The precise localization of HA neurons could be es- 
tablished with the advent of several reliable immunohis- 
tochemical tools. High-affinity polyclonal antibodies to a 
highly purified, although not homogeneous, preparation 
of HDC obtained from rat fetal liver (731, 803) have 
found the largest applications in several laboratories. 
These antibodies cross-react with dopa decarboxylase in 
guinea pig (but not rat) brain (16, 732) and apparently 
cannot be used for immunohistochemistry in species 
other than rats. The antibodies for HDC developed ear- 
lier (224, 758) were less specific. Despite its specificity, a 
monoclonal antibody to partially purified HDC from rat 
stomach has found only limited histochemical applica- 
tions because of its rather low affinity (573-575). 

Polyclonal antibodies to HA raised against the 
amine either simply mixed with serum albumin (531, 821) 
or conjugated to proteins using aldehydes (707, 708) or 
carbodiimide (550-552) have been also used as histochem- 
ical tools. Among these, the latter appear as the most 
reliable tools, especially when the detection sensitivity is 
enhanced by using carbodiimide as a tissue fixative (550). 
In contrast, other HA antibodies were found to detect 
numerous immunoreactive fibers or neurons in areas, 
such as the median eminence (707, 821), in which they 
seem absent or very scarce (351), an artifact presumably 
related to cross-reactivity with histidine-containing pep- 
tides, such as luteinizing hormone-releasing hormone 
(LHRH) (64). 

C. Localization of Histaminergic Perikarya: 
TvberoTnammiUary Nucleus 

Strikingly consistent results were obtained in 
various laboratories regarding the localization of hista- 
minergic perikarya, whatever the immunohistochemical 
tool used, i.e., either the anti-HDC monoclonal (573, 574) 
or polyclonal antibodies (207, 350, 606, 803, 804, 829) as 
well as the anti-HA antibodies (550-552, 707, 708). Hence 
HA perikarya, mostly large cells, were found to be con- 
fined to the tuberal region of the posterior hypothalamus 
in an area where a group of Nissl-stained magnocellular 
neurons had been detected earlier and collectively named 
the tuberomammillary nucleus (TM) (165, 474; Fig. 1). 
Two groups of Nissl-stained magnocellular neurons were 
also detected later in the same area by Bleier et al. (80), 
who named them the caudal magnocellular nucleus 
(CMC) and the tuberal magnocellular nucleus (TMC). 
The same region is included in an "efficient area" defined 
by analyzing combined lesion data and proposed to con- 
tain HA perikarya projecting to the telencephalon (233). 
Other previous data are consistent with this localization: 
the neurotoxin kainate decreases HDC in this area, pre- 
sumably by ablating HA perikarya, whereas colchicine 
has an opposite effect, presumably by blocking the en- 
zyme axonal transport (233). 



Whereas in previous studies HA perikarya were con- 
sidered to belong to several distinct nuclei, generally 
named after Bleier et al. (80), Ericson et al. (207), in the 
most comprehensive anatomic study of this area per- 
formed at the light-microscopic level with the anti-HDC 
antibodies of Watanabe et al. (803), provided convincing 
evidence for the HA perikarya making up one continuous 
cell group. The latter, named the TM after Morgan (474) 
and a previous study of the same laboratory (411), was 
divided in several subgroups, generally in agreement 
with studies of other laboratories, although the nomen- 
clature differs (for a correspondence see Fig. 1). 

The medial tuberomammillary subgroup (TMM) is 
constituted of ~600 neurons situated on each side of the 
mammillary recess. It can itself be subdivided into 1) a 
dorsal part (TMMd) corresponding to the TMC of Bleier 
et al. (80), i.e., an isolated group of cells extending over 1.5 
mm along the tip of the third ventricule between the dor- 
sal premammillary nucleus and the dorsomedial nucleus; 
and 2) a ventral part (TMMv) close to the ventral surface 
of the brain just rostral to the medial mammillary body, 
occurring as a cluster of cells located dorsolateral^ to 
the infundibular nucleus and the mammillary recess. 
This cluster is bridged (207, 827) by isolated immuno- 
reactive cells with the ventral tuberomammillary sub- 
group (TMV). 

The TMV, the largest one comprising ~ 1,500 mostly 
magnocellular neurons, is subdivided by the mammillary 
bodies into 1) a rostral part (TMVr), corresponding to the 
CMC of Bleier et al. (80), situated just in front of the 
lateral mammillary nucleus; and 2) a caudal part 
(TMVc), corresponding to the posterior caudal magnocel- 
lular nucleus of Bleier et al. (80), situated behind the lat- 
eral and medial mammillary bodies and the supramam- 
millary nucleus. 

The diffuse part of the tuberomammillary nucleus 
(TMdiff) is constituted by a small number ('-100) of 
HDC-immunoreactive cells scattered within or between 
various hypothalamic nuclei in the lateral hypothalamic 
area, the posterior hypothalamic area, the perifornical 
area, and the supramammillary and dorsomedial nuclei. 
Most of them were detected in previous immunohisto- 
chemical studies (573, 574, 707, 708, 803, 804), but they 
were only recently considered (207, 411) as belonging to a 
single subset. 

Histamine perikarya are immunodetectable in rat 
hypothalamus during late fetal stages (35, 605) and can 
be cultivated for several days in vitro (550). 

Although most anatomic studies were performed in 
rats, the TM was first identified in Nissl-stained sections 
of the dog hypothalamus (474) and seems present in all 
mammals, becoming more differentiated in primates and 
most extensive in humans (165, 411). With the use of anti- 
bodies against HA, perikarya were also localized in the 
mammillary region of guinea pigs: they seem more nu- 
merous than in rats, being also found between the medial 
and lateral mammillary nuclei as well as between the 
premammillary nuclei (7). In cat hypothalamus, magno- 
cellular neurons becoming immunoreactive to 5-HT anti- 
bodies after treatments with 5-hydroxytryptophan (5- 
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FIG 1 Localization of histaminergic perikarya (closed circles) in tuberomam miliary nucleus and disposition of mam histaminergic path- 
ways (arrows) in rat brain. Sections represented according to atlas of Paxinos and Watson (553a). The subgroups of perikarya in tuberomam- 
millary nucleus are designated according to Morgan (474), Diepen (165), and Kohler et al. (411), and corresponding nomenclature according to 
Bleier et al. (80) is indicated within parentheses. A, B, and C frontal sections at indicated levels of caudal hypothalamus D: horizontal section 
through caudal hypothalamus. E: sagittal section of brain. Abbreviations of perikarya subgroups: CMC, caudal magnocellular nucleus; PCMO 
posterior caudal magnocellular nucleus; TMC, tuberal magnocellular nucleus; TMdiff, tuberomammillary nucleus diffuse part; TMMd, medial 
tuberomammillary subgroup dorsal part; TMMv, medial tuberomammillary subgroup ventral part; TMV, ventral **™ m ™"^ 
group; TMVc, ventral tuberomammillary subgroup caudal part; TMVr, ventral tuberomammillary subgroup rostral part. Other abbreviations 
AH, anterior hypothalamic area; Arc, arcuate nucleus; cc, corpus callosum; Cer, cerebellum; CG, central gray; CX, cerebral cortex; DR, dorsa 
raphe nucleus; f, fornix; Hip, hippocampus; LM, lateral mammillary nucleus; LS, lateral septum; MD, mediodorsa th alam us; MM, m ^^J 
mammillary nucleus medial part; MMn, medial mammillary nucleus median part; MP, medial mammillary nucleus posterior part; OB, olfactory 
bulb; PMV, premammillary nucleus ventral part; Pn, pontine nuclei; Sol, nucleus of solitary tract; Sox, supraoptic decussation; SuM, supramam- 
millary nucleus; VDB, nucleus of vertical limb of diagonal band; VMH, ventromedial hypothalamic nucleus. 



HTP) seem to correspond to HA neurons and extend 
from the suprachiasmatic nucleus to the caudal end of 
the hypothalamus (632, 636, 637). Histamine-immunore- 
active perikarya were also detected in the human mam- 
millary region (549, 549a). In all these species the HA 
magnocellular neurons seem less aggregated than in rats 
but otherwise display very similar features. 

In one study immunoreactive HDC (irHDC) hori- 
zontal cells were detected in the guinea pig retina (17), 
but this could not be confirmed using an anti-HA anti- 
body (7). 



D. Morphology of Histaminergic Neurons 

The HA neurons of the TM display a series of char- 
acteristic features, as revealed in the various immuno- 
histochemical studies at the light-microscopic level 
(see sect. UlC) or electron-microscopic level (296, 
825, 829). 

Most of them are large (25-35 Mm) neurons, particu- 
larly in the TMV (since the TMM contains a large number 
of medium-sized cells), with a round unindented nucleus, 
a well-developed Golgi apparatus, and a relatively large 
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nount of karyoplasm. Very similar ultrastructural 
aracteristics are found in noradrenergic or serotoniner- 
: perikarya as well as in the cholinergic perikarya of 
e basal nucleus of Meynert 

Another characteristic feature at TM cells is their 
ndritic processes comprising two to three thick pri- 
ary dendrites dividing into long (100-150 /xm) secondary 
ndrites, with few spines and axodendritic synaptic 
ntacts. The dendritic trees of adjacent neurons overlap 
ch other. In one study it was observed that the den- 
ites narrowed down into varicose fibers filled with 
tall vesicles similar to synaptic vesicles, and it was hy- 
thetized that exocytosis might occur at this level (445), 
t this was not confirmed in another study in which the 
ricose fibers emerging from the emission cones of den- 
otes were identified as axons (825). 

Another very characteristic feature is the close in- 
action of dendrites with glial elements in the mam- 
llary recess and the ventral surface of the brain in a 
.y suggesting that the dendrites penetrate into the 
andyma and come into close contact with the CSF. The 
ict functional significance of this peculiar organiza- 
n is still obscure, but it has been proposed that HA 
urons might either release their secretions into the 
F (445) or respond to CSF-borne substances (606). 

Finally, in one ultrastructural study, both myelin- 
id and unmyelinated irHDC varicose axons, making 
v typical synaptic contacts, were observed in the TMV 
•4). This was interpreted as evidence for a mainly non- 
laptic release of HA, similar to that proposed for other 
•noamines (57), but the relationships of these elements 
;h the varicose dendrites of Maeda et al. (445) remains 
be clarified. 



Other Putative Transmitters 
in Histaminergic Neurons 

The HA neurons in TM are characterized by the un- 
lal presence of a large variety of markers for other 
irotransmitter systems, some of which evidenced be- 
e or independently from the demonstration of HA it- 
f. 

Glutamic acid decarboxylase, the GABA-synthesiz- 
enzyme, was first evidenced in TM neurons projecting 
:he cerebral cortex by Vincent et al. (791), and its con- 
ization with the vast majority of irHDC neurons (679, 
, 825) was shown soon later. 
In a parallel manner, Nagy et al. (478) evidenced in 
neurons the presence of adenosine deaminase, a cyto- 
smic enzyme that might be responsible for the inacti- 
ion of the putative neurotransmitter adenosine. Pres- 
:e of this marker in the vast majority of irHDC 
ikarya was demonstrated soon after (553, 679, 
). Tuberomammillary nucleus neurons also express 
ding sites for a putative ligand of adenosine uptake 
s (477). 

A majority of irHDC neurons also stain with anti- 
lies against galanin, a 29-amino acid neuropeptide 
), 466, 700). Interestingly galanin is also colocalized 



with other amines, i.e., catecholamine, 5-HT, and acetyl- 
choline in other cerebral neurons (466). 

Also a majority of TM neurons stain with antibodies 
raised against the opioid heptapeptide (Met 5 )enkephalyl- 
Arg 6 -Phe 7 , suggesting that they express the proenkepha- 
lin A gene (411, 822). 

Staining of at least a fraction of TM neurons with 
antibodies against two other neuropeptides, i.e., sub- 
stance P (411) or thyrotropin-releasing hormone (TRH) 
(688) was also reported. 

Another characteristic feature of a rather large sub- 
population of TM neurons is the presence of high MAO B 
activity, possibly related to deamination of t-MeRA (392 
393, 444, 445, 700, 730). This subpopulation, representing 
—60% of neurons expressing both HDC and adenosine 
deaminase, could be the same as that expressing enkepha- 
lins (730). 

Finally, a fraction of TM neurons have the capacity 
to uptake and decarboxylate 5-HTP into 5-HT (which is 
then detected immunohistochemically) but not to synthe- 
size 5-HT after tryptophan administration (445, 632, 637, 
700). This suggests that some TM neurons express not 
only HDC, for which 5-HTP is not a substrate, but also 
the aromatic amino acid decarboxylase (EC 4.1.1.28) and 
thereby resemble the peripheral APUD cells (554). 

The fact that such a high number of neurotransmit- 
ter markers are apparently expressed by the same TM 
neurons raises several comments: 1) these colocalizations 
have been established by purely histochemical ap- 
proaches and require confirmation by other approaches; 
2) the biological significance of some markers, e.g., aden- 
osine deaminase or 5-HTP uptake and decarboxylation 
activities, is not fully clarified; and 3) the delineation of 
neuronal subpopulations within the TM, taking into ac- 
count which among the eight markers listed above are 
coexpressed by each cell, has only started (410, 679, 700). 
Finally, and most importantly, establishing the func- 
tional significance of the colocalization of such a high 
number of messengers in a single population of neurons 
still remains an important and exciting challenge. 



F. Pathways and Projection Fields 
of Histaminergic Neurons 

Although some fibers were detected in the early im- 
munohistochemical studies (552, 573, 574, 707, 708, 731, 
805), it is only recently that technical improvements have 
started to reveal the extensive networks of irHDC (350) 
and irHA (7, 551) fiber systems in brain that were al- 
ready suggested by lesions (232). This information has 
been complemented by that provided by retrograde trac- 
ing studies, sometimes performed before the realization 
that HA perikarya were located in the TM. 

Histamine neurons constitute long and highly diver- 
gent systems projecting in a diffuse manner to many cere- 
bral areas (232), with immunoreactive varicose or non- 
varicose fibers being detected in almost all regions of 
frog (7a), rat (350, 551), guinea pig (7), tree shrew (6a), or 
human brain (549, 549a). Despite initial suggestions that 
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the various TM subgroups might have distinct projection 
fields (708, 709), more recent retrograde tracing studies 
have established that TM neurons are not organized in a 
highly topographic way, since individual neurons give 
rise to projections to widely divergent parts of the fore- 
brain, cerebellum, and mesencephalon (207, 411). 

Panula et al. (551) distinguished two ascending 
pathways in rat brain. The ventral pathway runs at the 
basal surface of the brain toward the horizontal limb of 
the nucleus of the diagonal band and then to the medial 
septal nucleus or the olfactory tubercle and bulb, with a 
large fraction of the fibers crossing the midline in the 
retrochiasmatic area. The dorsal pathway runs along the 
lateral side of the third ventricle and contributes to 
fibers ending in thalamus and rostral forebrain struc- 
tures (Fig. 1). . 

Moderately dense HA fibers are quite evenly distrib- 
uted in all areas and layers of the cerebral cortex (7, 350, 
551, 707, 708, 735, 803). In human cerebral cortex they 
appear to be most abundant in the external layers where 
they run in parallel to the surface (549, 549a). Deafferen- 
tation studies have established that they are extrinsic 
(41 232 735), and retrograde tracing studies showed that 
they emanate from the TM (207, 411, 478, 632, 708, 709, 
784, 791), ascending through the medial forebrain bundle 
itself (232), which contains numerous fibers in rats (350, 
551) or in guinea pigs an area between this bundle and 
the optic tract (7). 

From studies combining lesion and biochemical 
(231-233) or immunohistochemical (735) analysis of 
HDC, it appears that the cerebral cortex receives predom- 
inantly ipsilateral projections of HA fibers. However, a 
minor participation of a contralateral projection, repre- 
senting only about one-fifth to one-third of the total, was 
shown by retrograde tracing (411, 478, 735, 791) and anti- 
dromic activation studies (604). Midline crossing of these 
fibers occurs at the level of the retrochiasmatic area, the 
optic chiasma, and in the supramammillary region (350, 
551) and was overlooked in combined unilateral lesion 
and biochemical studies (231, 232), presumably because 
of its limited extent and inherent individual variation 
among control (nonlesioned) animals. The extent to 
which crossing of fibers originating from the TM occurs 
seems to vary according to the innervated brain area, but 
there is, in most cases, a majority of ipsilateral fibers 
(207,411). . 

In a variety of other telencephalic areas, immunohis- 
tochemical studies, sometimes combined with retrograde 
tracing, have shown long ascending connections between 
perikarya in the TM and the olfactory bulb (mainly in the 
external plexiform layer), hippocampus (mainly in den- 
tate gyrus and subiculum), nucleus accumbens, globus 
pallidus, and amygdala (7, 207, 350, 550, 551, 708, 709, 828). 
In the caudate-putamen, fibers are surprisingly scarce 
when detected with anti-HA antibodies (551) but are con- 
siderably more numerous when detected with'anti-HDC 
antibodies (350, 803). This general organization of HA 
pathways is in agreement with previous deafferentation 
or focal lesion-induced changes in HDC in some of these 
areas, i.e., the amygdaloid complex in which a very rich 
HA innervation is present (60) or the hippocampus (40). 



These studies suggested that, in rats, HA fibers reach the 
amygdaloid complex via the ansa peduncularis and the 
hippocampus via a dorsal route comprised of the fimbria, 
fornix superior, and cingulum; in agreement immunore- 
active fibers seem abundant in rat fimbria (350, 551) but 
very scarce in the guinea pig fimbria and fornix (7). 

In the diencephalon, the most densely innervated 
part of the brain, various nuclei of the anterior and me- 
dial hypothalamus, e.g., the suprachiasmatic, supraoptic, 
paraventricular, arcuate or ventromedial nuclei, as well 
as of the thalamus, e.g., paratenial and paraventricular 
nuclei, contain numerous HA fibers (7, 350, 551, 552, 573, 
708, 803). Hypothalamic nuclei contain high levels of HA 
and HDC activity (98 T 567), with the latter being de- 
creased after more caudal hypothalamic lesions (232. 
233). In the median eminence only, scarce immunoreac- 
tive fibers are detected, mainly in the internal layer (7, 
350, 351, 551), confirming that the high HA level in this 
area mainly corresponds to mast cells (567). In the hypo- 
physis, fibers in moderate density occur in the posterior 
lobe but seem absent in the other lobes (7, 350). Bilateral 
projections from the TM to widespread regions of 
the hypothalamus were evidenced by retrograde trac- 
ing (701). 

Finally, a long descending HA system, also arising 
from the TM and projecting to various brain stem struc- 
tures and the spinal cord, was evidenced by lesion (233, 
572) immunohistochemical (7, 350, 352, 551, 708, 795), and 
retrograde tracing studies (207, 632). Interestingly, dou- 
ble tracing studies have suggested that a single TM neu- 
ron might send both ascending and descending projec- 
tions (207), but this is not consistent with other observa- 
tions (632, 733). Fibers travel caudally in association with 
the medial longitudinal fasciculus in rats (795) and with 
the dorsal fasciculus and medial periventricular gray in 
guinea pigs (7). The most densely innervated structures 
in the brain stem are the mesencephalic nucleus of tlu 
trigeminal nerve, the central gray, the colliculi, and the 
nucleus of the solitary tract, whereas other cranial nerv< 
nuclei seem less abundantly innervated (7, 350, 352, 572) 
With the use of antibodies against HA, moderate t( 
dense networks were observed in the substantia mgr; 
and raphe nuclei of guinea pigs (7) as well as of rats (551 
in agreement with biochemical (572) but not immunohis 
tochemical data obtained with antibodies against HD< 
in rats (350). A direct projection of the TM to the _locu 
coeruleus was shown by retrograde tracing (632, 724). 

In the cerebellum, irHA fibers are sparsely distrit 
uted in all cortical layers and nuclei (7). _ 

In the dorsal horn of the spinal cord (mainly Ui 
cervical part), fibers originating from the TM are > mode, 
ately abundant and some cross the midline (/, 

Immunoreactive HA fibers are observed m the wa 
of intracerebral blood vessels in rats (710) but not i 
guinea pigs (7). 

G. Ontogeny of Histaminergic Neurons 

The ontogeny of irHA (35) and ^ Morgf <«* 
was recently studied in rat bran. The 
karya were seen on embryonic day 13 in ui 
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etencephalon and mesencephalon and on day 15 in the 
ntral mesencephalon, metencephalon, and myelen- 
phalon. From these scattered cells a transient ascend- 
g and descending fiber system starts to develop on em- 
yonic day 15 but has completely disappeared by day 20. 
contrast, in the basolateral hypothalamus, irHA (35) 
id irHDC cells (605) were first detected on embryonic 
\y 16 when they had stopped their mitotic division. The 
fferentiation of immunoreactive neurons in the various 
bgroups of the caudolateral part of the tuberomam- 
illary nucleus seems largely achieved by embryonic day 
, whereas the appearance of the dorsal subgroup in the 
edial part of the nucleus only occurs during the last 
enatal days. Adenosine deaminase is first detected in 
beromammillary neurons on embryonic day 18 (679). 

The development of most irHA fibers takes place 
iring the first two postnatal weeks (35), which coincides 
ith the developmental pattern of HDC activity taken as 
selective marker of HA neuronal pool (457). 

In contrast, irHA mast cells are most numerous on 
>stnatal day h (when they are mostly located in the hip- 
>campal area), and after that, their number gradually 
icreases (35), a pattern that explains changes in HA 
vels, as proposed (457). 



* Afferents to Histaminergic Neurons 

Little is known about the sources and biochemical 
entity of neuronal afferents to HA neurons, namely 
jcause their location as a thin sheet of perikarya at the 
isis of the brain severely restricts the application of 
;trograde tracing substances. Anterograde tracing stud- 
s had shown that substantial projections to the poste- 
or hypothalamus arise from the olfactory tubercle, su- 
culum, septum, medial preoptic area, and dorsal teg- 
mentum (725), but their actual projections to HA 
arikarya were not established. Recently, however, Wou- 
trlood and colleagues have started to apply to this prob- 
m a double-label immunocytochemical method (826), 
sing antibodies against HDC and Phaseolus vulgaris 
ucoagglutinin, an anterograde tracer. In this way pro- 
;ctions from the infralimbic division of the prefrontal 
)rtex (830), all nuclei of the septum diagonal band corn- 
lex (except the medial and lateral parts of the horizon- 
il limb of the diagonal band) (828), and the medial 
reoptic region of the hypothalamus (827) were evi- 
snced at the light-microscopic level. The pathways for 
le afferent fibers could be traced and varicosities on 
lese fibers observed in proximity to irHDC cell bodies 
nd dendrites, suggesting the possible occurrence of syn- 
ptic contacts. Because the areas of origin of these affer- 
its receive, in most cases, heavy histaminergic inputs, a 
3ciprocal control with TM neurons was postulated, 
(owever, blockade of postsynaptic H t and H 2 recep- 
>rs does not affect HA turnover in cerebral cor- 
jx (239). 

Afferent serotoninergic and noradrenergic fibers 
'ere also described in the TM (207). Although the exis- 
mce of direct connections remains to be established, the 



presence of a 2 -adrenergic receptors on HA cells (271) 
may reflect a noradrenergic input. 

IV, NONNEURONAL STORES OF HISTAMINE IN BRAIN 

Outside the brain mast cells represent a major site 
of HA storage, and their exposure to antigen (via inter- 
action with immunoglobulin E) or to histamine releasers 
(e.g., compound 48/80, a basic polymer) leads to extrusion 
of HA, heparin, and proteases contained in their gran- 
ules. In peripheral tissues, mast cells are often found in 
connective tissue, in proximity to vascular elements, and 
for a long time they were thought to be absent from 
brain, which contains very little connective tissue. In the 
early 1970s they were progressively detected by their 
metachromatic staining by dyes such as toluidine blue 
(111, 189, 342, 390, 419, 524, 559), and their significant 
contribution in cerebral HA levels was proposed (457, 
654). However, although the existence of this nonneu- 
ronal pool of HA is generally admitted, its relative quan- 
titative importance is still debated (328, 584), the func- 
tion of brain mast cells essentially is unknown (747a), 
and the existence of additional nonneuronal pools is pos- 
tulated. 

A. Mast Cells in Brain 

In peripheral tissues, mast cells are essentially de- 
fined by their morphological properties, e.g., metachro- 
masia or alcian blue staining of their very large granules. 
However, they constitute a heterogeneous population 
with two main subtypes, the connective tissue and the 
less typical mucosal mast cell (206). The mast cell sub- 
types are distinguished by their morphology, staining 
properties, HA content, composition (e.g., intra- 
granular proteases), and sensitivity to HA releas- 
ers (206). 

In brain, mast cells, detected by their metachroma- 
sia (111, 189, 190, 332, 419, 524, 559), the HA, and in rats 
5-HT histofluorescence (199), HA immunoreactivity (7, 
550, 552, 707), or their ultrastructure (166, 343), are pres- 
ent in a large number of species (190), including humans 
(199, 202). Mast cell numbers and localization in brain are 
characterized by striking variations according to regions, 
species, individuals, periods of the year, age, sex, side of 
the brain, and even handling of the animal (for review see 
Refs. 328, 332, 559, 747a), which may be real or related to 
the limited reliability of the staining procedure. Never- 
theless, from most studies, mast cells seem generally 
abundant in leptomeninges, pituitary, pineal gland, area 
postrema, or median eminence but also occur in the brain 
parenchyma itself, mainly the grey matter, where, simi- 
lar to their counterparts in peripheral tissues, they are 
distributed along vessels. The reported number of mast 
cells in rat brain varies between a few hundreds to 
>10,000, among which a fraction as large as 80% is found 
in the thalamus, particularly its lateral nuclei (189, 190, 
251, 332, 559). However, in other species the distribution 
might differ with, for instance, a high density in the cere- 
bral cortex of cats (343) or chimpanzees (190). 
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The fraction of rat brain HA contained in mast cells 
has been estimated to be -50% from lesion and subcel- 
lular fractionation studies (231, 457, 654) as well as from 
mast cell counts combined with HA assays (332); how- 
ever, others suggested this fraction to be negligible (584). 
Studies of mutant W/W v mice deficient in mast 
cells did not clarify this issue, because their cerebral HA 
levels were found to be decreased compared with corre- 
sponding controls in two laboratories (447, 793, 833) but 
not in two other laboratories (335, 528). 

A large fraction of HA might be held in mast cells in 
the neonatal rat brain (457) in which they seem more 
numerous than in the adult (7, 190, 213). This feature 
would explain 1) the relatively high HA level just after 
birth (555, 619, 669, 749, 836); 2) the distinct properties of 
HA-storing granules in neonatal brain, which sediment 
like those of mast cells (457, 565, 836); S) the low turnover 
of HA, which resembles more that of the amine in typical 
mast cells than in the adult brain (457); and 4) the clear in 
vitro releasing effect of compound 48/80 (457), whereas 
» in the adult brain this effect only occurs with slices of 
regions, such as the median eminence, where mast cells 
are abundant (567). Mast cells could proliferate in the 
neonatal brain under the action of nerve growth fac- 
tor (11). 

Ultrastructural studies (166, 343, 344, 346-348, 713) 
have all confirmed the close association of brain mast 
cells with blood vessels and allowed Ibrahim (343) to dis- 
tinguish two types among these cells. Type I cells are 
those with morphological properties, including meta- 
chromasia, identical to those of typical, i.e., connective 
tissue, mast cells, which would be those reported by most 
investigators. Type II mast cells were later called neuro- 
lipomastocytes because of the high lipid content of their 
large granules, which are stained by toluidine blue but 
are not metachromatic or alcianophilic, although they 
otherwise display close ultrastructural similarity with 
typical mast cells. Neurolipomastocytes, which seem 
more numerous than typical mast cells, enter the brain 
with pial blood vessels and are always associated with 
arterioles or venules at the site of vessel branching where 
autonomic innervation of pial vessels is the densest (166, 
713). In these cells, the presence of HA has not been di- 
rectly demonstrated, but they degranulate under the ac- 
tion of compound 48/80 (166, 347, 348). As mast cells in 
peripheral tissues (496, 702, 820), neurolipomastocytes in 
pial arteries of rats and rabbits are autofluorescent cells 
often situated in apposition with variosities from nerves 
of sympathetic and other origin, suggesting that their 
function (secretion?) might be neurally controlled (166, 
747a). 

Although the function of cerebral mast cells is not 
established, the localization, innervation, and content of 
these cells suggest their participation in the regulation of 
cerebral blood flow and inflammatory reactions (747a). 



B. Other Nonneuronal Stores 

Histofluorescence studies have suggested the associ- 
ation of HA with cerebral vascular elements (204, 332). In 



agreement, a relatively high HA level is found in isolated 
cerebral microvessels in which it is associated with a low 
HDC content, suggesting that, therein, the amine turns 
over slowly (362, 381, 382, 616). Because this fraction did 
not contain metachromatic cells, it was assumed that HA 
was held in endothelial cells (616), which may contain a 
still poorly characterized pool of "nascent HA," the for- 
mation of which is induced by hormones or various in- 
flammatory agents (370, 646). 

The unexpected rise in cerebral HA level that accom- 
panies several large lesions (168, 418) may correspond to 
this poorly clarified process. 

V. HISTAMINE RECEPTORS IN BRAIN 

The idea that the various actions of HA on periph- 
eral tissues were mediated by more than one receptor 
subtype emerged progressively. It was first realized that 
the antihistamines (now termed H^receptor antago- 
nists), the first of which was developed in France in 1937 
(87), did not block uniformly all actions of HA, leaving 
for instance gastric acid secretion unaffected. In 1966, 
Ash and Schild (31), demonstrating that these various 
actions could also be differentiated to a certain extent by 
agonists, clearly postulated the existence of the second 
(H 2 ) receptor subtype that was "proven" in 1972 with the 
development by Black et al. of burimamide (77), the first 
"selective" antagonist (in the sense that it has no signifi- 
cant affinity for H x receptors). Three years later, both H x 
and H 2 receptors were shown to be present in mamma- 
lian brain where they control cAMP formation (56, 618) 
and the firing rate of cortical neurons (279). In 1976, the 
association of H 2 receptors with adenylate cyclase (298) 
and that of H t receptors with the phosphatidylinositol 
cycle (361) were shown. Finally, in 1983, Arrang et al. (25) 
proposed the existence in brain of the H 3 receptor (for 
which, ironically, burimamide was found to be the most 
potent antagonist available at this time), which was 
"proven" in 1987 with the design of fully selective agonist 
and antagonist compounds (23). 

The experimental definition of the three HA recep- 
tor subtypes relies on the use of selective agonists and 
antagonists that are now available, except, however, a 
highly selective H r receptor agonist. Various aspects of 
the field of cerebral HA receptors were recently re- 
viewed (105, 137a, 256, 304, 305, 658, 659). 



A Histamine H 1 Receptors 



1. Molecular properties 

The antagonist [ 3 H]mepyramine was introduced in 
1977 as the first selective radioligand for Hi r^Ptors 
(313) and still displays advantages over other tntiated 
ligands, i.e., the antidepressants [ 3 H]doxepin (3, d W 
752, 757) or [ 3 H]mianserin (558) as well as (+)-JV- 
methyl-4-[ 3 H]methy diphenhydramine, a quaternary de- 
rivative of diphenhydramine (759, 760), that appear less 
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elective. A mepyramine derivative [ 125 I]iodobolpyra- 
line (78, 414) is also a highly selective probe for the H x 
iceptor, which it labels reversibly with high affinity 
nd provides a 50-fold increase in detection sensitivity 
/er [ 3 H]mepyramine (414, 622). Tritiated mepyramine 
as proposed (589, 591) for H^receptor labeling in 
rains of living mice and as a means of predicting the 
Dtential sedating ability of H x antihistamines and a 
iriety of antipsychotics and antidepressants (589). 
his test is currently applied to assess the brain pene- 
■ation ability of potentially nonsedating H^receptor 
ntagonists (6, 109, 429, 620). 

The pharmacology of H x receptors differs among 
limal species, since some antagonists, e.g., mepyra- 
.ine, display significantly lower affinities in rat (or 
.ouse and rabbit) brains than in guinea pig or human 
rains (3, 73, 117, 120, 121, 306, 311, 377, 414, 755, 797). 
his rather unusual species difference is confirmed 
hen a functional response, i.e., HA-induced glycogenol- 
>is, is considered (590). The binding of HA to H x recep- 
»rs is inhibited, although to a limited extent, by gua- 
/lnucleotides (119, 483, 622), and the effect is lost on 
>lubilization (752). This suggests that the H r receptor 
regulated by a G protein that is presumably distinct 
om the Ni protein, because pertussis toxin is inactive 
i HA binding (483). Sodium ions also decrease HA af- 
lity at Hj receptors, but the functional significance of 
lis effect is unclear (119). Both thiol-alkylating (240, 
54) and the disulfide bond-reducing agents (173-175) 
abilize a fraction of the H x receptors in a high-affinity 
ate for HA and full agonists, presumably by modify- 
g a critical cysteine residue(s) located outside the HA 
nding domain (834). 

The H t receptor can be solubilized using digitonin 
.40, 243, 752) or other detergents (223, 799). In the solu- 
lized state, it is retained on a wheat-germ agglutinin 
»lumn, indicating its glycoprotein nature (240), and 
le molecular sizes of the receptor-detergent complexes 
stermined by gel filtration are 430,000 (752) and 
'0,000 (223). 

The molecular size of the H x receptor from various 
ssues, as determined by target size analysis, ranged 
om 100,000 to 160,000 (424, 798). A fHJmepyramine 
nding site abundant in rat liver membranes has been 
irtially purified, but it does not pharmacologically 
trrespond to the K x receptor (223). 

A mepyramine derivative [ 125 I]iodoazidophenpyra- 
ine is an extremely potent Hi-receptor antagonist 
C D = 10 pM) that, after irradiation, selectively and irre- 
srsibly labels a 56-kDa subunit, presumably represent- 
g the ligand binding domain of the receptor in guinea 
g brain (622, 624) as well as in a variety of other tissues 
24). In contrast, the Hj-receptor subunit labeled in 
iart has a larger apparent mass, suggesting that 
irious tissues may express distinct isoforms of this re- 
ptor (622). 

Distribution in central nervous system 

The number of cerebral K x receptors varies among 
-ecies but the mean density, i.e., ~100 fmol/mg mem- 



brane protein, is in the same range as that of receptors 
of other neurotransmitters, which are generally more 
abundant in brain than HA (121, 307, 311, 375, 414, 592, 
622, 623). Not only the density of U x receptors but also 
their regional distribution markedly varies between an- 
imal species, with, for instance, the cerebellum being 
the densest area in the guinea pig and the least dense in 
rat or human brain (121, 375). In human brains, the 
highest [ 3 H]mepyramine binding is found in the neocor- 
tex'and various limbic structures (121, 375). These spe- 
cies differences reflect only partly those in histaminer- 
gic innervation that appear much less marked (7, 551). 

Several cell types might express the H x receptor in 
brain. Kainate lesions decrease H T receptors in guinea 
pig cerebellum, suggesting their association with neuro- 
nal membranes (544), but they do not affect them in 
several areas of rat brain, which may reflect a predomi- 
nantly nonneuronal localization (122). Although U x re- 
ceptors are present on cerebral microvessels, they repre- 
sent only a small fraction of the brain's total content 
(557). The H x receptors have also been located on human 
astrocytoma cells (483). 

In contrast, the predominant localization of H x re- 
ceptors to grey matter areas and their highly heteroge- 
neous and sometimes laminar distribution, as estab- 
lished autoradiographically at the light-microscopic 
level using prl]mepyramine (543-545) or [ 125 I]iodobol- 
pyramine (86, 414), are consistent with a major neuronal 
localization. 

A detailed atlas of H 2 receptors in guinea pig brain 
has been established using [ 125 I]iodobolpyramine, which, 
like other I25 I probes, displays distinct technical advan- 
tages over 3 H probes in autoradiographic studies (86). In 
the cerebral cortex, H x receptors are present in all areas 
and layers, with a higher density in lamina IV. In the 
hippocampal formation, H x receptors display a lami- 
nated pattern of distribution and are the most abundant 
in the dentate gyrus (hilus and molecular layer) and in 
several areas of the subiculum and commissural com- 
plex. In the amygdaloid complex, the highest densities 
are found in the medial group of nuclei. In the basal 
forebrain, the striatum is faintly labeled, whereas the 
nucleus accumbens, islands of Calleja, and most septal 
nuclei are highly labeled. In the thalamus, H x receptors 
are present in high density, particularly in the anterior, 
median, and lateral groups of nuclei. In the hypothala- 
mus the labeling is highly heterogeneous with high den- 
sities in, for example, medial preoptic area, dorsome- 
dial, ventromedial, and most posterior nuclei, including 
the tuberomammillary complex in which histamine peri- 
karya and short axons are present. In the cerebellum the 
molecular layer is densely labeled (86, 414, 543), but H x 
receptors are also detectable in the granular layer and 
inner nuclei (86, 414). In normal mice, the pattern is 
similar, and changes occurring in mutant strains are 
compatible with a predominant localization to Purkinje 
cells (621). In guinea pig mesencephalon and lower brain 
stem, H x receptors are particularly abundant in the nu- 
clei of origin of most cranial nerves, in areas containing 
the perikarya of the catecholamine and 5-HT systems, 
and in various areas associated with vegetative reflexes, 
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e e the area postrema. The H, receptors are abundant 
^cochlear nucleus in rats (543) and mice (221). n the 
soinal cord the highest density is found in the external 
layers of the dorsal horn in guinea pigs (86) as well as in 

mOn There 5 a 0 r 2 e several discrepancies between the distri- 
butions of HA terminals (7) and H t receptors in guinea 
Die brain (86) that recall similar "mismatches in other 
neurotransmitter systems (85, 300, 422). The increase in 
PHlmepyramine binding in the developing rat brain par- 
allels that of HDC, a presynaptic marker of HA neurons 
(134 720, 756), as well as the HA-induced phosphoinosi- 
tide hydrolysis (132). Whereas no change in cerebral H t - 
receptor density occurs after long-term inhibition of 
HA synthesis in adult mice (T. T. Quach and J. C. 
Schwartz, unpublished observations) in newborn rats, 
their density increases after chronic treatments with a 
H r receptor antagonist (720) and decreases after treat- 
ment with an antithyroid agent (134). 



3. Inositol phospholipid hydrolysis 



The observation that responses mediated by Hi re- 
ceptors are Ca 2+ dependent led to the proposition that 
this receptor subtype was linked to calcium mobilization 
(656) An early event associated with the stimulation of 
several calcium-mobilizing receptors is the hydrolysis 
of inositol phospholipids in the plasma membrane that 
occurs via activation of the enzyme phosphohpase C and 
releases two types of intracellular messengers: mosito 
phosphates (inositol 1,4,5-trisphosphate and inositol 
1 3 4,5-tetrakisphosphate), which mobilize Ca , and 1,<2- 
diacylglycerol, which activates the intracellular protein 
kinase C (66, 468, 508). Even before general acceptance 
of the phosphatidylinositol cycle as a major transduc- 
tion mechanism, it was shown that intracisternal HA 
accelerates the incorporation of inorganic P into inosi- 
tol phospholipids (220) via preceptor stimulation 
(719). Meanwhile, mepyramine-sensitive stimulation ot 
phosphatidylinositol turnover by HA was shown to oc- 
cur in the guinea pig ileum (361). In a more direct study 
of the initial steps of the cycle H r receptor Btimubbon 
was shown to trigger the rapid accumulation of [ H]ino- 
sitol 1-phosphate in brain slices incubated in the pres- 
ence of [ 3 H]inositol and Li\ an inhibitor of inositol 1- 
phosphatases (65. 97, 115, 116, 131, 158, 159, 173 386, 
831) Other inositol phosphates, i.e., inositol 1,4-bis- 
phosphate and inositol 1,4,5-trisphosphate, are also rap- 
idly accumulated under similar conditions (115, 
174) The amplitude of the phosphoinositide response is 
correlated with the H r receptor density in regions of 
guinea pig brain (115, 158, 159) or during brain develop- 
ment in rats (720). Interestingly, in guinea pig cerebral 
cortex, the half-maximal concentrations of HA to trig- 
ger the phosphoinositide response and the inhibition ot 
[ 3 H]mepyramine are similar (115, 158, 159) and both pa- 
rameters are similarly reduced by partial irreversible 
inactivation of H x receptors (131). This indicates that 
the response occurs without any significant receptor re- 
serve an observation consistent with this response 



playing a primary role in signal transduction. However, 
this does not apply to the response in cerebellum on 
which the effects of partial agonists also suggest a dif- 
ferent coupling efficiency (115, 173). The fact that the 
response to HA is markedly reduced by calcium chela- 
tors (115 386) does not rule out that it is responsible for 
Ca 2+ translocation, since this may only reflect the re- 
ouirement of a minimal Ca 2+ concentration for phos- 
pholipase C activity (353). In cultured vascular smooth 
muscle cells, Hrreceptor stimulation elicits a transient 
increase in intracellular Ca 2+ , which is presumably due 
to its intracellular mobilization, since it persists in the 
absence of extracellular Ca 2+ (459). In contrast with a 
previous report (695a), H.-receptor stimulation was also 
found to increase intracellular Ca 2+ in neuroblastoma 
cells but the response was attributed mainly to the in- 
creased entry of extracellular Ca 2+ and led f hyperpo- 
larization via activation of K + channels (517 518). 

Adenosine, despite having no direct effect alone, 
potentiates the H t receptor-mediated hydrolysis of ino- 
sitol phosphoinositides elicited by HA in guinea pig cere- 
bral cortical slices (308, 309, 321). In contrast adenosine 
(385) and GABA (146), which coexist in HA neurons, 
both inhibit the HA-induced response in slices of mouse 
and rat cerebral cortex, respectively. Excitatory amino 
acids also inhibit the HA-induced response in hippo- 
campal slices (54). 



k Potentiation of adenosine g,5'-cydic 
monophosphate accumulation 

Histamine is among the most powerful stimulants 
of cAMP accumulation in brain slices (153, 371), and this 
is attributable to the participation of both H, and riz 
receptors in this response (56, 169, 618). Whereas only 
H 2 receptors are directly linked to the cyclase and the 
increase in cAMP formation elicited by their ^activation 
can be observed in cell-free preparations (298) the el 
feet mediated by H, receptors is an indirect one, consists 
of a large amplification of the cAMP response mediated 
by H 2 receptors (from a 2- to 3-fold to up to , . 15-fold 
increase), and can be evidenced only in intact cell prepa 
Sns such as slices of guinea pig WPPJ^gSi 
jointly stimulated by H 2 -receptor agonists (5»>- 
H 2 a/d Hl receptors mediate the cAMP ^ response to HA 
in low and high concentrations, res pectively A ^sinuia 
process was shown to operate in slices of »*itcer«W 
cortex (8) as well as in vesicular entities (microsacs) 
cuinea pig cerebral cortex (154, 155, ,. f the 

^ Stimulation by the H, receptor ma> am Jy ^ 
cAMP response via one of the two signal f" 0 ™^, 
generated by the phosphatidylinositol ^ modi . 
although the H t receptor-mediated response is n 
fied through activation of protein kinase ^ 
esters (238a), it is significantly reduced ^^X^M 
Ca- (8, 238b, 661, 666), "«»^^i£fflm 
phosphate branch of the cycle and the HCa ^ 
fhat it triggers play a major ™%™™*S?mm 
activate the adenylate cyclase via interaction 
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odulin-calrnodulin binding protein complex in the cat- 
ytic subunit of the enzyme. 

In a parallel manner, stimulation of H x receptors 
nplifies the cAMP response generated in intact cell 
eparations by other direct activators of the cyclase, 
l„ adenosine (160, 169, 172, 320, 321), catecholamines 
ting via a-adrenergic receptors (147, 154), or vasoac- 
/e intestinal peptide (VIP) (449). The involvement of 
e products of inositol phospholipid hydrolysis in the 
ttentiation by Hi-receptor agonists of the cAMP re- 
onse to adenosine was also studied using phorbol es- 
rs and a calcium ionophore, but no clear conclusion 
uld be drawn (157, 322, 323). 

Baclofen and other GABA B -receptor agonists po- 
ntiate the cAMP response induced in rat cortical slices 
' HA; however, the HA receptor subclass involved was 
»t identified (380). Similar amplifications are found on 
imulation of ^-adrenergic receptors, also linked with 
e phosphatidylinositol cycle (153, 449). 

These amplification processes might be function- 
ly important, inasmuch as they allow enlarged re- 
•onses to a single transmitter in increasing concentra- 
)ns as well as mutual potentiations of the responses 
iggered by two neurotransmitters, e.g., HA and norepi- 
:phrine, reaching simultaneously the same target cell, 
le potentiation between HA and adenosine might also 
: functionally important in view of a possible corelease 
these substances from the same tuberomammillary 
lis. 



Glycogenosis 

Although less abundant than in liver or muscle, 
ycogen represents in brain one of the major energy 
serves (at least 25% of the total) and may therefore be 
tal for meeting the high energy expenditure of neuro- 
il activity in the CNS. It is found not only in glial but 
so in neuronal cells (345). In brain the polysaccharide 
ores appear to be in a high dynamic state and to be 
ntrolled by several neurotransmitters (666). Cerebral 
ycogenolysis is studied in vivo in the neonatal chick, 
hich lacks a blood-brain barrier (203, 479), or, more 
■nveniently, on brain slices in which levels of [ 3 H]gly- 
•gen (synthesized from [ 3 H]glucose) are monitored us- 
g a simple assay (590, 595). Glycogenolysis is triggered 
r norepinephrine (203, 448, 480, 593, 595), histamine 
'0, 592, 595), adenosine (595), VIP (448), or 5-HT (594). 
ne effect of these various agents is due to phosphory- 
se activation in the slice preparation (790), which may 
:cur either via cAMP accumulation, e.g., for responses 
ediated by ^-adrenergic (593, 595) or VIP receptors 
=48), or via translocation of Ca 2+ , which may activate 
aosphorylase kinase by binding to its calmodulin sub- 
nit (135). The latter mechanism seems to apply to the 
tycogenolytic response to HA that requires Ca 2+ in the^ 
Vernal medium and is strictly mediated by H x recep- 
)f s (590). An interesting feature of the HA response is 
la t it apparently occurs in a manner similar to that 
ediated by 0-adrenergic receptors (593) with a large 
^ceptor reserve (24, 590), which is consistent with the 



large signal amplification provided by the glycogenoly- 
tic cascade. In addition, rapid, selective, and rather 
large desensitization of the HA response, accompanied 
by limited changes in [ 3 H]mepyramine binding, can be 
observed in this system (592). 



6. Guanosine 3',5'-cyclic monophosphate accumulation 
and other biochemical responses 

Activation of guanylate cyclase and of inositol phos- 
pholipid hydrolysis appears to be a related cellular 
event (66, 31S), which may explain why ^ receptors me- 
diate the HA-induced stimulation of guanosine 3',5'-cy- 
clic monophosphate (cGMP) formation in mouse neuro- 
blastoma cells (609, 611, 738). This response, similar to 
others mediated by H x receptors, requires an intact cell 
preparation and is Ca 2+ dependent, suggesting that it is 
mediated by an increase in intracellular Ca 2+ , but the 
latter could not be shown using the fluorescent probe 
aequorin (695a). In the same preparation, H r receptor 
stimulation triggers arachidonic acid release, possibly 
via activation of phospholipase A 2 , which may indirectly 
be responsible for the cGMP response (695a). Stimula- 
tion of Hi receptors in blocks of bovine sympathetic gan- 
glia also increases cGMP accumulation (712). Finally, 
HA-induced cGMP responses were reported using brain 
slices (153, 425), but the responsible receptor subtype 
(presumably H x ) was not characterized. Histamine in- 
creases [ 3 H]norepinephrine release from brain slices, ap- 
parently via Hj-receptor stimulation (717). However, it 
increases endogenous norepinephrine release via a 
nonreceptor mechanism (836a). 



7. Electrophysiological responses 

Despite many studies of electrophysiological re- 
sponses elicited by HA in CNS preparations (for reviews 
see Refs. 275, 276, 615), those mediated by R x receptors 
are generally not well defined, and their underlying 
membrane mechanism is poorly understood. One reason 
is that no highly selective Hrreceptor agonist is avail- 
able and that many Hrreceptor antagonists have local 
anesthetic properties, which makes the interpretation 
of their effects often difficult. Nevertheless, it appears 
that iontophoretic application of HA to cerebral neu- 
rons often leads to excitatory responses when mediated 
by H t receptors. In vivo, osmosensitive neurons in cat 
supraoptic nucleus, also identified by antidromic inva- 
sion from the hypophyseal stalk, increase their firing 
rate when HA is applied, and this effect is blocked by 
mepyramine (281, 285). Whereas in cultured supraoptic 
nucleus neurons no effect of HA was observed (631), ex- 
citatory actions of HA, rather well characterized as be- 
ing Hj receptor mediated, were observed on acutely pre- 
pared explants of the same neurons (19). These excita- 
tions mainly occurred in cells either spontaneously 
active or in which burst activity had been induced anti- 
dromically, indicating that they were dependent on 
electrical activity expressed by the neurons. Although 
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Introduction 

The Teaiaior and neurotransmitter h»siamme acts not 
only via the well-known H, and H 2 receptors ( i ) but also via 
a th.rd ryoe of receptor, termed H 3 , which was described tor 
the first time oy Arrang. Garparg and Schwarinn 1983 (2). 
This lane' 'eceptor diHers irom the Hi and H 2 receptors m 
that, as a njie. «t is not located on the elector cell (e.g., on 
a smocirVmoscie cell) but "pronmaliy " on neurones or para- 
crine cetis .'m detail. »t may be located presynacUcally on the 
a*on lerrnmais ol histammergic neurones (presynaptic 
auioreceptor.P.gs. i and 2) or non-histaminergic neurones 
(presynaptic neteroreceotor. Fig, 2) Activation of the H 3 
receotor causes inhibition o( release of the respective neu- 
rotransmitter. The H 3 receptor may also be located on para* 
crme cetis. e g . mast cells, enterochromaffin and enteroch. 
romartm.MKe celts. Activation, again, causes inhibition of 
'elease ot tne respective mediators. The following is an 
— bvervrew-ofnh-e^occorrence-oJ-Ha-recepiOfS-on-hisramin-- 
ergic anq non-histaminergic neurones and on paracrine 
cells (3. 4) 




Pig i. Schematic drawing of the synapse between a nistemin- 
orgic axon larminal and the suDsynaptlC membrane of an adja- 
cent neurone. Note that histamine (HA) released e<ocyioticaliy 
Irom the histammergic axon terminal into the synaptic cleft acti- 
vates H, and Hi receptors, located posts ynapticaity. and the H 3 
receptor, located presyhapticaity. m, and H 2 and most probably 
also H 3 receptors are coupled to G -proteins. The second mes- 
senger pathways indicated lor the h % and H 2 receptors are not 
me only ones used by these two receptors. For me h 3 receptor,* 
nine information. ts so far ayaiiaoie with resbect jo the, second 
messenger (probably negative coupling to pnosphoiipase C 
PLC]). For'orihir deiails regarding the molecular events follow- 
ing activation ol me three histamine receotor subtypes see 
Senwanz et a/. (31 or Leurs *f ai AC adenyyi cyctase: HO. 
nisiidinedecarDoxyiaseA-Hls.L-htsndine *. stimulation. * mnipi- 
lion 



UnliWe Hr and H 2 -receptor antagonists, which are widely 
used lor me treatment of allergic diseases and gastroduo- 
denal ulcers, respectively (i). Hyrecegtor antagonists 
have not yet been market ed. The second pan ol this review 
gives an overview ol recently synthesized H 3 -receptor 
antagonists and their potential indications (5. 6) 



Histamine M r recepto' aniagomi 




neurones o'OK-fv.r,e..0"gi'-.^e.nne wu 

0C ns 8cm ivs.ems propel io .he cerebral carte > in-.e « 

Enema.* oraw-ngooc. noting 

*Jo.n cas* ma P'esvaPK *c«..o.vwa» not O'oven 



Function of H 3 receptors 



Presynapcc h ? autorecepton 



The H, receptor described first (2) is an example ol an H 3 
a Jorecep.or danger* (2) e,am.neo whether me h sta- 
SiSe ^on».. l,Ke the no'adrene.g.c sero one o 
enol.nerg,c neurones (7). are enoowed w.tn , an auto recep 
,or v.a wn,cr .he respective transm.ne- ^ odulat ^ a ^* n 
.Lase Tnev studied the potassium- or ve atndine- 

q'en.iy seoa.a,eo; irom ;3Hj.h, S ..dine: * « ^ 
SHces H,s:amne mhib..ed the evoked l 3 *)-^'™?? 

now-r. the pharmacologic*' J^-^ 
eHectd.dnoicootormtoH. o'H : ,recep:o'S Thus, the enect 
iS»am,n. occurred ,n a ve-y '0. concentration range 
was no. mimcked by the H,-.ecep,o. •S 0 ^*?^ 6 " 
iyi)e.nanam>e or the H r recep.or agoms. *map. . ard 
was not antagonized By low concentrations of the Ht- recep 
S awaoon sis -nepy.am.ne ana 5 .».cn.orpnenam.ni , oitrte 
Hz'eceptor an.aoonists emetine and ranladrne Or . 
-otUtnaridH^e.H.recep.or.antagoijisilLu^am^ 

partial Hweceptor agonist impromidine proved to be com- 
SSS !. 3 n» o' s.s at this new ^^^^ 
cies even nigne. man those at H 2 receptors (2) The planer 
dugs by themselves, increaseo the evoked .'H].n,s.ao»ne 
?ele 9 ase by interrupting the local leedoack bu.it op by endog- 



^ u ears the autoreceptor was also 

,n the subsequent yea s _ti e j . $ ores 

identified by omer .nvesttgators ^B. ») 0CCyrrence in 
ynaptic 'oca«ion -s Proven ^^.^^ . 

ejrter ^/-^ n » ^^/co?., o. humans (11 ) was 

f Termore ac'vX o« «he histamine H 3 autoreceptor no. 
XS"s me rt.ease ol histamine tut a,so ,, syntnes, 
, r0 m..-his..d.ne(14) (F r 'g. 1>- 

Presynapf-c H 3 he«rorecapio« 

Since 1987. histam.ne H 3 heteroreceptors have been 
.defied on non-h.s.aminergic neurones ,n the centra nor- 
lC jeniii.eoon Syf npaihe.ic. parasympatnetic 

^'rSJStlSS ^noncnolinerg.c nerve fibers supping 
me oastfo^lS. bronch.a. and/or cardiovascutar sys- 
H, heteroreceptors also operate m s/iu or m 
'% m Jn5 \ 7 26 27 3V33) and a.so have been iden.i.ieo 
iSil Vvi^in.) !n .no human CNS saphenous 
le.n 0 5). *ean (29) and ' 
However, presynaptic H 3 he,ero,ecep,0 _[! i ; l!in(ienaci » s 
ady occur on neurones: there are. e.g.. r «9£? a,>nd ^* , 
Seances Thus, tne sympathetic nerve Lbers .nnerva..ng 
Z resistance vessels oi the rat are endowed w.th H 3 recep. 
m« whereas the sympa.het.c neurones suppiy.ng the vena 
S^mfs spec.es are not ,15). Moreov 
neurones innervating the cat or A*^^,^, 
unlike those innervatmg .he rat 

.nrtnwBd w.m Ht recep.ors. Some o« the Hp heiero/ecep 
or S :tS.n 3 ,he C aU16). a reac,,^ 
nVttmSe as well smce Hyrecep.or antagomsts acm ate 
mfs e«ect For others, however, a physiotogicai ro,e .s less 
i k e.ysrneh?s c ,amineH3-receptoran« 

.he release ol the respective transm.ner and/or the 
e^ten oA^inhibitory effect o. 'H r receptor agonists was 
!ma» Some H 3 he.eroreceptors may be actuated under- 
DT.hoph^o«ogL. conditions. Thus, an H r receptor an.ag^ 
^. marKedlv -ncreases noradrenaline release * gu.nea 
. "2hh.-e undergone ischemia bu. «ai.s todo so r 

in control heans (28i- 



H 3 Receptor on paracrine ce"s 

S.nce the histammergic neurones in the CNS are 
endowed J* H 3 au.oreceptors. it was tempting to examine 
whether such receptors also occur on masl cells 
sTe !?. CNS. represent the ma.or source o. mstam.ne in 
rat oemoneal mast cells, the anaphylactic histamine 
was inhib.,ed by h.stam ,ne and ^ecepjor ago- 

nists (35 36)- O ™ olher hao<1 ' such 3 , 
Ob ained for me concanava.in A-.nduced histamme release 
from human adenoidal mas. cells (37) and lot mo Hjrmj.. 
methionyMeucyl-phenylalanine. or ■^^,2* 
-mine-releate-lrom-human-basophtlS-(38) . In the stuoy o _ 
er af. ,39). evidence .or a leeJbacK 
ing mas. cells plus C f-bers was presented «or me rai u ! i 
and spleen. Mast cells and C fibers are in close aPP° s, ''°" 
The C fibers, wn.cn are nonadrenergic. noncholme-gic ^ 
rones (Table I,, are endowed with H 3 receptors aC.va.ion 
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~ao/e 



Occu^ « ^ * * CNS ** """" $yS ' em 



Type ol neurone Species 



Gastrointestinal dact 



Cacdiovascjia^ system 



Noradrenergic 



Cholinergic 
Dopaminergic 
Serotonergic 
Cholinergic 



NANC 
Cholinergic 

NANC 

Noradrenerg ; c 



NANC 



Rat 

Mouse, gutnea pig. 

rabbit, human 
Rat 
Mouse 
Rat 

Cat. dog 
Guinea P'Q 

Gumea pig 
Gumea pig 
Human 
Gumea pig 

Rat. guinea p«g. human 
Pai 

Guinea pig 



Pig 

Human 
Rat 

Guinea pig 



Region (ol CN S). o'ffm or tissue ^ 

Cone*, hypothalamus 
Corte< 

Eniominal cone*, ventral striatum 
Striatum 

Cone*, striatum, hypothalamus 
Stomach 

jejunum, ileum, enteric ganglia, longitudinal 

muscle myenteric ple<us 
Ouodenum. jejunum, ileum, colon 
Trachea 

Segmental Droncni 
Trachea, oronchi 
Heart 

Resistance vessels 

Mesentenc artery, submucosal anerloles of 
Heum. tracneobronchiai postcapillary 
venules, resistance vessels 

Retina) vasculature 

Saphenous vein 

Oura mater, postcapillary venules 
Tracheooronchiai postcapillary venules 



Bef. 



15 
15 

15 

15 
15.48 
16. 17 
18-21 

22,23 
24 
25 
26 

15 27-29. 
15 

15. 27 30.31 



15 
15 
32 
33 



: w r arenior in the laoie. Moreover, soma H 3 receptors in tne autonomic 

"now mat ih« presynaptic location nas not been proven \or each H 3 ™*W ^-receptor Uganda on me end-organ response elided 
nervous system were .aent.tied us.ng an .nd.rect ^proach mos_ the nnnue ca ^ mnw ilset , was aelerrT1 i n od. Rets. 48 ana 1M3 
dv an en^ogenoualy released neurotransmitter, rather in ^ n ^ r \^ Z^:? {}5) NANC. nonadrenorgtc. noncholinergK:. neurotransm.tier 
refer 10 original papers not yet considered .n the review by Sender «i< v »■ 
in this type ot neurone substance P 



of which inhibits the release ot substance P and calcitonin- 
gene-related peptide The two peptides in turn increase his- 
tamine release from rnasi cells. Dim.triadou ef at. found that 
H r receotor agonists and antagonists decreased and 
.ncreased the synthesis of histamine in the two organs, 
respectively. These effects did not occur if the rats (at the 
age of 2 days) were treated wirh capsaicin which is known 
•o cause degeneration ot C fibers. 

Two types ol paracnne cells in the gastrointestinal tract 
are endowed with H 3 receptors. Thus, serotonin release 
from the enterochromatfin cells of the porcine intestine >s 
mnioited via H 3 receptors (40). Furthermore, an H 3 -recep- 
tor-mediated inhibition of histamine release m the stomach 
of the rabbit, most probably from the enterochromaffin-like 
(ECL) ceils, was shown (41). It is an attractive hypothesis 
that H 3 receptors, both on cholinergic neurones (Table I) 
and on ECL cells, may represent a "brake" which counter- 
acts an excessive increase in gastric acid output. It is con- 
ceivable that H 3 receptors also subserve this function »n 
humans smce H 3 receptors were found in a human gastnc 
ceil line (42). 



History of H r receptor antagonists 

The history of histamine H r receptor antagonists dates 
bacK to the year 1973 when Ambacne at at. (43) found that 
tha H 2 -receptor antagonist bunmamide (Fig. 3) counter- 
acted the inhibitory etfect of histamine (studied m the pres- 
ence of the H r receotor antagonist mepyramtne) on tne 
neurogenic contraction of the gumea pig ileum. This effect 
was later shown to involve H3 receptors (22, 23). Burima- 
""mTde"a'n"0"ihe-H2^receptoragonisrimpromidine(Figr3)-wefe- 



used m the study of Arrang ef at (2). in which the H 3 autore- 
ceptor was described for the first time (see above). Mifenti* 
dine, another H 2 receptor ligand bearing an unmethylated 
imidazole moiety (tike burimamide and impromidine), also 
proved to be a potent histamine H r receptor antagonist, 
whereas hy receptor antagonists with a methylated imidaz- 
ole ring (e.g. . ctmetidine or mottamide) or without ihis heter- 
ocycle (e.g.. ranitidine or zolantid.ne) had low or negligible 
potency at H 3 receptors (2. 44). A low. or at best moderate, 
antagonist potency at H 3 receptors is also displayed by 
betahistine (45). an Hrreceptor agonist marketed for the 
treatment of vestibular disturbances such as Meniere's dis- 
ease, as wetl as the psychotomimetic drug pnencyctidine 
(46) and the atypical neuroleptic clozapine (47. 48). 

Potent and selective histamine H 3 -receptor antagonists 
were synthesized Irom 1986 on (49); thioperamide (Fig. 3), 
described by Arrang ef a/. (12) and widely used m exper- 
imental studies, is still the reference compound- Although 
ihioperamide and the isothiourea derivative clobenpropit 
are highly potent compounds, they have never been 
reported to be used in clinical trials. Most probably pharma- 
cokinetic problems. Side effects and/or high affinity to other 
G-protem-coupled receptors (50) are the reasons for the 
lack of development. Therefore, novel compounds display- 
ing high activity m vitro and in wvo as well as nigh selectivity 
are highly recommended. 



Chemistry 

The most crucial point in the design of novel Hrreceptor 
antagonists is their imidazole moiety. It is carried out with 
mi f rh effort over ring closure reactions, and most of the time 
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imidazoles are ooia.ned with low yields and many side prod- 
ucts (51-54) Industrial synthesis used (0 prepare large 
amounts ol a smole synlhon does not influence drug devel- 
opment m tne first stage (55) Thereio-e. ditterent syn- 
theses have ceen developed to take protected imidazole or 
substituted delves as educt ,n efficient drug des.gn. 
e g . 2-('ert-Dutyidimetnylsilyl)-l-lW W-cJimelhylsultamoyl)- 

im.dazoie lor alkyiation in 4-position (56). 

For the preparation ol 4-propyi substituted imidazole 
derivatives rrans-urocanic acd (3.(4-(lH)-im,da20ie)pro. 
" pe^acid) is a convenient synthetic tool (F.gr*)rUroc-anie- 
aod itself was produced trom histidme in a microbiological 
synthesis (57). It .s convened mio methyl ester and nydro- 
genatedon Pd/C to methyl 3-(MlH)-im.dazole)propionate. 
in liquid ammon.a/methanoi this .ntermediate can be con- 
vened into tne corresponding am,de. Dehydratization with 



,hionyl chior.de and subsequent catalytic hydroaeroion , of 
the nithle with Raney nickel in ammonia under h.gh pres- 
sure led to homohisiamine. a homologous compound ol The 
biooenic amine h.stamine. All reaction steps were per- 
formed on a large scale with high yields (75-95%) and low 
amounts ol side products (58). This amine was ; used as i a 
versaiile syntnon lor further derivatizat.on (59). Amides 
were prepared by this synthon with acyl nalides under 
Schotien-Beumann procedure (60. 61 ) Reduction ol these 
amides with N.aBH 4 after activation with POGl 3 led to sec- 

-ondary-arnines_l6C!). . 

For the synthesis of impromidine an isoih.ourea precur- 
sor was reacted with homoh.stamine leading 10 the guan.. 
d,no compound (62). Unsymmeirically di- anc l insuDs tuted 
guanidines were comfonably prepared Dy ihe reac^on o^ 
primary am.nes with diphenylimidocarbonate der.vat.ves. * 
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magon.sis. Re*.: a (102), 0 (77). c (76), d (64). e (79). ( (78). g (82). h (83). 



sequential displacement of both phenoxy groups led to 
electron-withdrawing tnsubstituied guanidines which could 
be easily purified and hydrolyzed io unsymmetrically disub- 
stuuted guanidines (63). Reaction with isocyanates and iso 
ihiocyanates resulted in urea and thiourea derivatives, 
i respectively, structurally related to burimamide (64. 65). AH 
these amine derivatives have proved to be potent ^-recep- 
tor antagonists 

Methyl 3-(4.(TH)-im»dazole)propionate cou,(3 not exc,u " 
sively be converted into homohistamme and related deriva- 
tives. Only a short overview .of derealization possibilities 
can be given «n this report. After imidazole protection by tn- 
lyianon ihe ester was converted into the corresponding, 
alcohol by complex hydrides like UAIH 4 in THF (66) (Fig. 4), 
Trttyiation increases the yield of this reduction and facili- 
tates purification. By this procedure the alcohol synthon 
was obtained m imidazole protected and unprotected form 
in high purity. The bivalent functionality of irnidazolylalkyl 
alcohol is often a problem with further derealization. 

The hydrochloride salt of the untrirylated alcohol is 
reacted with isocyanates to result in the carbamate derive: 
lives (67). Due to the sail lorm the nucleophilioty of the imid- 
azole ring »s reduced, and the hydroxy functionality is the 
only poini of attack. The prptonaiion of ihe imidazole 
nucleus is preferred to a possible protection by tntylation or 
comoarabie protective groups because most cleavage 
conditions of protecting groups would also result in a hydro* 
lysis of The carbamate moiety. Seniyl chlorides or related 
structures are reactive electropnilic agents. The salt of (he 
imidazole alcohol could directly be reacted with these 
halides m order to result in high yields of ethers (68). Aceto- 
nitrite is the best solvent for this reaction because when 
warmed it is able to dissolve the hydropniiic salt as well as 
the lipophilic halides. 
Trit yi ated alcohol is a convenient synthon for Williamson 



ether synthesis to react in the form of alcoholate with differ- 
ent aikyt halides (69). The addition of crown ether increases 
yields. The inverse synthesis is also possible with the con- 



version of the trityiated alcohol by thionyf chloride into pro- 
pyl chloride derivatives and subsequent reaction with alc- 
oholate k>ns which may be-in the form ol their halides - 
sensitive in alValine solution to elimination and following 
side reactions (70). 



Structure-activity relationships and general pattern 

The activity values given in this le*t are based on 
evoked depoianzation-iriduced release of pH]-hista- 
mine from rat synaptosomes for tn vitro tests (7) ) and on an 
increase in the level of the histamine metabolite NiSmethyl- 
histamine in brain after per os application to Swiss mice for 
in vivo activity (71). All data based on other models are 
given in parentheses. 

The first step for the design of highly potent and selective 
H3-receptor antagonists was done by the development of 
thioperamide (49) (Fig. 3). the Imidazolyipiperidine moiety 
(72) was the starting point for many research groups forfur- 
Jher development.^.. : -j-^ 



Miscellaneous developments 

Therefore, it is not astonishing that a lot of new derivatives 
like ureas, amides or amidines are based on that structural 
element (Fig. 5). The Robba and Schwartz groups.who had 
developed thioperamide designed a related heptanamide 
derivative! carboperamide (73) (Fig. 5). A comparable 
cyclohexane-S-pentanamide (GT 201 6) was later prepared 
by Ourant and co-workers (74, 75) and developed in the 
USA oy Gliatech (76). The Japanese Green Cross Corpora- 
tion (77) investigated an adamantane-containing amidine 
derivative (AO 0145) (Fig. 5) wh ich see ms to be structurally 
Telatedlo mifenticJine. an H2/H 3 -rece^toTXrita^onist (44). 
Ganeilin and co-workers (64) introduced a heterocyclic 
moieiy as substituent of the partial thioperamide structure. 
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lhe r.aid D.oe«o.^e mo.eiy <UCL .1283) (F.g. 5). This 
the ngiG i p u successtui wiih structurally less 

S : . chains eV 2W-.«--^ 
SSIS? Cfvativw and *as used by difleren. groups (64, 

7B iSemn,»e f ocycl,c mo,e«,es couid **f^'«£*° 

To ion! o-^erocydes ideate a .nay 

,s contributed through hydrophobic ^•'•"JW^J 
hvdroaen bonding. In .nvest.galions on lhe alkyi chain it was 
mat s d eham e.onga,on oi n.stam.ne changes ago- 
n°sno mostly an.aaonisi behave and resulted -n .mpenta- 
mini l79HFiq S. The 4-monosubstituted .midazole ring 
Tnnected' o ao Ly, cna-n seems to be responsit^ or H, 
receptor O.ndma where in most classes a three methylene 
es doe was loJnd as an opfmum Although some , norum, 

dazo-es such as be.anistme i^J\^S!^ 
(46) dimap'iM" SO) and clozapine (47. 48j have some 
antigens, activity, they are much .ess potent than imida • 
rte einvar.v.s On the o.ner hand, a large va«ety ol struc- 
^et a e acceoted by manning H ? receptor ac.-v.ty a the 
connecting potar group The diversity of heterocyclic or l.po- 
phh* £2.£ does no. po.nt ,0 specific receptor b^ing 
A neterocycie could also oe introduced d.rectty into the ,m • 
d«o5a, y y. chain by maintaining me ac,iv,,y as shown w.th 
oxadiazoie der-vatives such as FUB 220 (?6) ano on 

' ^^mlinlvo data 0. .1 compounds is 



..4-yiialkylamme oenvatives. ReL: a (81). 



mo/k fl and 1 2 mg/kg. respectively (82). A compound ol 
«S Sest is verJngamine (83. 84) (Fig. 5). Th.s mod- 
SIS! ^ act " Hy.ecep.or antagonist representing -an 
amdi deSve'o*. histamine was extracted *dm me 
mTnne sponge Veronguia giganlea, Very recently series 
4.(pheny^& y p,lH-ir>ida,^s a V9 been 

described as potent H 3 -receptor antagonists (85) 



Amine derivatives . .. 

derivativestre difleren, alkyl spacers ^™«£%£>£l 
Fig 7) were varied, in the series, 0 < a"-"** 
4 9 phenyibutano.cacid deriva„ve 
ol the most active histamine der.vat.ves (60). > n * 
me analogous am.de (II) ol the Terence agonist 
2.„ a meS?y»Siiarnine is clearly less effective than the 
2a ed amide of histamine. This finding indicates an antag- 
Lnfst receptor binding distinctly different from that of ago- 
Zs Sg in'o accent the development C impentam.ne 



estenuat lor H 3 -receplor binding 



XSSS c-isTscoul-d Wb-e-comparedtoeacho^ 
d.rect eompanson ot thioperamide. clobenproprt and G fl 
17?737 was made concerning their * v,voac,.v,,y after sc. 
app..ca..on .0 rats for agonist-.nduced 
ino resoecuve EO 50 values ot 0.8 mg/kg. 1 .3 mg/kg and 0 
Zl'*?** Z, v« h.nd.nq 0. (3Hl-rV.methylh.stam.ne 
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pharmacowinefc need Having a dear therapy., ^-ndca- 
£on .or H^ecepto. aniagon.sis absorption^ halite 
m«Doti.m and olheHactors can be '^<^^ 
subsmution panerns while mamtammg me « «« . acW 
Th.s is me rra.n advantage of m.s potential class of druQS. 



-ewers- 



Further exchange o« heteroatoms .n the J" 
,o esters and e.ners. Although esters 
,n v..«, (81 . 96). their m.ss.ng .« *vo activity was me reason 
or no. pursuing th.s class of compounds .n more detail (66). 



Most orobaDly the instability ot these compounds against 

bie tor this inadivity. Although n might be *° sw £« ™ 
fncrease metabolic resistance it was tound more prorms.ng 
n oTves,r 9 ate the ether class. 
exDecied to be much higher compared to that ot esters 
So7e « were astonished that mo 8 t benzyl ethers o 
L«7oiSi^pn»ved to be highly act*e in v,iro. but 

Zo activities below 10 mgAg after peroral apBhcat on x° 
mice, it mign. be speculated that the attack ^^gJS 
enzymes is hindered by these bulky substnuen.s. but other 
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m,s f.ndmg ., no. obvious. Var.at.on o! me histamine rr^ty 

'^flased or these findings and on .he Knowledge or other 
classes oiVisfam-ne n'recepior antagonists, -j dev..- 
ooed a genera, construction patter, shown ,n F.gure 7 
Sen «J» almost a., poten, H^eceptor a^gonis s , 5 
«i In most cases, ihe nitrogen-containing heterocycle « 
nng monosubst.tuted -n , seem 

■hat other mo.eties could imita-.e the .m.dazole. but up to 
now ,ns change has been linked «c a loss .n aenvtty 0 a. 
"as. two orders of magnitude, intense ■™"]*™"™ 
repla cemen, of or changes on o-.midazo.y. mogY d as. 
cally snowed .he importance of this neterocyde 160. 61 6*. 
86-88) Almost any substitution or change to other 5- or 
6-membered heterocycles led to a .oss o. or anjmmense 
reduction .n affinity. In most classes of histamine »r' ece ?: 
tor antagonists, three methylene groups were found to be 
me optimum for cha.n A. but this is not the case for all 
classes The diversny of the polar group is the most.notaDie 
element m th.s common structure. Basicity is of m.nor 
■mponance because am.nes and guanines are active * 
me same range as am.des. th.oam.des and other non_basic 
classes Especially trisubstituted guan.dmes (Vb. c. F'g. 6) 
coniaining electron-withdrawing groups are no longer basic 
and possess different electronic and stenc properties 
depending on substitution Although .hey are 'ess active 
than me corresponding disubstituted guanines (Va. vi. 
Fig 6) tney are still potent antagonists (63) The.r mam. 
advantage >s that they mignt be potential prodrugs lor me 
disubsftuied guanines because Dasic guan.dine der.va- 
tives »We .mprom.dine are ineffective with this way oi 
apclicai-on (89). 

The nydrolysabie group ol the guamdmo functionality 
may .ead to an increased bioavailability ol these com- 
pounds i.e.. these trisubstituled guanidino derivatives may 
be wen absorbed from the gastrointestinal tract. The d.sub- 
stitu.ed guanidines formed in the body from the trisubsti- 
tuted ones may be distributed well into peripheral tissues 
. as n.gn.y nyd'ophilic compounds, they are no^expecled to 
cross the biood-brain barrier Thus, trisubstituted guani- 
dmes of that U.nd might represent prototypes of H r receptor 
antagon.sts win an ertect restricted to me penpnery. Since 
me development of a reliable >n vivo test sysmm for periph- 
eral «-.-receotor antagonists is sM" m progress (90). this 
hypothesis could not be proved up to now. With respect to 
ihe reference H,-receptor antagonist m-ooeramide. 
penet-ation through the blood-bra.n barrier -s discussed • 
controversially (9'. 92) 

Var.at.on on Ihe polar group ol homohistamine denva- 
'ives could also result in N-cyclohexyl thiourea (64 65) or 
W-cyclbhexyi urea derivatives (V". *g 6) (81) strongly 
related -o thioperam.de. These compounds are only slightly 
leas potent man m.operamide demonstr ating that Ihe three- 
metpyiere cha.n could easily im.tate the alkyi chain of the 
oipenome moiety. Only in the case of the frans-conf.gured 



isomer .ntroduction of a double bond .n cha.n A led to a 
pound active n a concentration range comparable to the 
parent compound (61). giving a hint for the stenc conlorma- 
Son o me antagonist when in.eraciing with the receptor. 

The construction pattern .s a generalized structure wh,ch 
shows many variables of histamine H 3 -receptor antago- 
nists Modern computational methods have ju si begun to do 
21 in a more rationalized way (93-95). Although these 
studies brought useful aspects in the discussion on struc- 
tural conformations it was no. possible to build a con former 
or to predict any binding ammo acid sequence lor histamine 
H v recep.or antagonists. u is expected that .n i the i near 
future further molecular modeling studies combined with 
the results of ' receptor cloning will bring more Knowledge to 
lioand-receptor molecular interaction. 

All the compounds presenting h.gh potencies have ,n 
common lhat tne<r polar group is sultur-contammg or is 
possibly awe to build a large number of hydrogen bonds. On 
ihe one hand, sulfur moiet.es often seem to be associated 
with side effects in wo (hepatotoxicity. changes .n olood 
p.ciure. -nfluence on thyroid hormones, etc.). On the other 
hand the high number of hydrogen bonds decreases the 
penetration ihrough .he biood-brain barner. and therefore 
ihe target area with (he highest density of H 3 receptors is 
reached to a much smaller extent. 

The aim of further investigations was focused on 
improved central in vivo activity without any predictable tox- 
icity ol the compounds. Pharmacokinetic behavior should 
also be taken into account. 



Carbamates 

For. an enlargement ol side chain functionalized 'imidaz- 
ole alkyl derivatives oxy analogous compounds were pre- 
pared as new leads (59) Compared to ureas, thioureas and 
guanidines. heteroatoms were replaced by oxygen m me 
new carbamate class (Fig. 8). Carbamate derivatives are a 
class of histamine H r receptor antagonists with strikingly 
homogeneous in vitro activities differing less than one order 
ol magnitude (66. 67. 96). Only a limited number of stenc or 
hydrophilic factors must be taken into account concerning 
the development of this class. This lack of discrimination ol 
chiralily (VHIe. Fig 8) (67). of different substituents and of 
different positions (VII I f-h. Fig. 8) shows mat these struc- 
* turai"elemenis' are not involved m a -close ligand- receptor . 
molecular nteracunn. In the class of isothioureas like do- 
benpropit <F.g. 3) a p-chloro substituent at ihe oenzyl group 
representing ihe .ipoph.l.c moiety ol the general construe- 
.ion pattern (Fig 7) increases the activity more than one log- 
unit (97). in me 'elated carbamate class similar structure- 
activity reianonsnips could not be confirmed giving strong 
evidence for a different receptor binding ol botn chemical 
classes of Hy'eceptor antagonists. 

Although the carbamates do not reach the activity level m 
vitro of ciobenpropit. a large number ol carbamate deriva- 
tives are much more effective in vivo. Especially the high 
number of chemical variations (Fig. 8) concerning the lipo- 
philic moiety (aryi. he.eroaryl [Vlllil). cycloalky. [Villi] resi- 
— aues)-'nciuding-ihe-spacer-(ehain-B)- (vn.a^N-open 

chemical possibilities of drug .argettng corresponding to the 
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H 3 -fiecep<o, antagonists as drugs ag*tsr 

Save., ..ne_s C evince ^^S^ 
play a ro-e .n ,ne ^^^^^a n.s.a- 

mme was.tpund increasea concentration of 

sch.zophre.nic pai.erts. whe ' ea ','7 " " s not changed 

reduced (108) The eio e 1ar unknown 

moderate binding affinity lo J£ «wj compoun o 
•unction- •;'^^^.rS,i'K.pi^ 

amnity tor aopanvne ?\"^" *F2£3 47). wh.cn 
acetylcholine receptors IP*^',^' nonetheless, its 

antagonistic eHec: at H 3 receptees , 
ered .n m.s conie* H one assumes hat £ t-^amn V 
» D .n. lor H, receptors '* "^^S,^.,; 110) iS 
and <») in. c-ozapme .eve I .n mw* <»*« » '^nuauon 

2<-<oldn,gherin,neo^ 

excluded (109) (Table M). 
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ThA pttec . ol e.iher antagonist was counteracted by 
m , C e. The e«eei ol en mBlny |hisiamihe. demon- 

Strang tha^r^po coynte.racteP.by the 

ol loperamide or ciooenp ' Q , by me 

Hl .receptor -^^Sg^ffi, ,a«e? findings can 
Hr-ceptor antagon s. , ^ a^^° ^ 'nterruptfon o. the 
b e expia.ned by. ,acl Oogenous histamine 

mresnold tor seizures ^ 0 t histamine) 

On the other hand. « »"« ' anla gdnists 
o. the formation o. histarnme) anpH^ ^ § s 

zuresinep.iepiic.patjents( i iii--»l3). > 
' H3-«ecep^anfagon l s t sa S cofln/r ( on.,n^ap C J,o^gs^ 

-'••ava,.ab.e. Favorable etiecis ^JV-«P ^ - 
loperamide and ^ojear g 4 _ 

been obtained in J*** , of r0<je m models in 

120 ) (Table .V). T ^ ,s m a ' s ^tre not fully" developed 

.hicn learning ,ang ^^^^icaHy (by diaze- 
(juvenile r« pup. or a e irnpa s 
pam and scopolam.ne. 117 120) or ^ 9 ^ , Qf 
fsenescence.acce.erate -^^Swn'n animals 

rSSSSrXn horn J^^SES'JK 
ease the histamine^ neurooes showed sign" 



ations (116). uselui lor the latter 

Whether preceptor •«^»r*, U ^^ in luture 
and lor other indications has to be examine 

studies. 
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reasons »• higher lipophilic!* have alsc ^^.J^ 
account The diphenyimethyl ether denies < 9 

* g a nSehftc diary, structure and a basic moiety « J*J 
S:t *?»ne.. could be the explanation lor this unique phar- 

" w£! !uL bought additional progress in this 
...d s« ucture. The halogen subsmuted 3,phen y yropyl 
e,n.r derivatives -Xj and IX* (FUB .81) belong 
most potent H 3 .receptor antagonists reported so tarj Once 
more a halogen substi.uent .n pa/8-posrtwn of the aryt 
To ery ^oweo an activity increasing eHec, /"-JJ^ 

,he selectivity ol «^««""P 0 ^ c0,, ^^^ 
nyimetnyl derivatives has largely increased by thesestruc 
J, a , variations, e.g.. FUB 181 (IXk; at least 100: 1 lorH 3 .H,. 
w- a. rt. 5-HT,a. S-HT 3 , and Mj) ( 7 0), 

S «e eS«ly GaneHin and UortW. sported on a promts- 
,ng «■<«• ( P heno*y)alWyl)imidazole,clas3 i ore S enong h^h n 

whereas a two- or ,hree-methy.e*e »P£^*™ 
A was active in the same concentration range depending on . 
(prostitution pattern ot Phenyl moiety. Todate. there « no 
report on <n vivo activity ol these compounds. 



Radioligands 

Tr.tiunvlabelled derivatives ol N«-methyihis.amine or the 
more selecve tigand (fl).a-melhylhistam^e are , stau-of- 

me-an agonists tor ending ^^^^T^ 
agonist receptor binding are not discussed tn ins art.e e 
( S Pe rel 99) but radiolabeled antagonists are mucn more 
oselut lor most investigations concerning receptor Binding. 
The '.rst relabelled antagonist was the iso'h.ourea . denv- 
a( ,ve l--2S||.iodoonenprop« (100. 101) (Fig. 10). 
snowed sLtislying pharmacological properties 
gand rj.sp.ays some limitations (102). es.pec.ally high afl.n 



iM lor 5-HT 3 receptors (50) and its unspecillc binding P'op- 
ertM 001) This led to an inter** investigation lor new 
krfmied Hi receptor ligands which could be used ,n radio- 

inoicai studies (68). The newly developed p2 5 ll-.odopro*y 
an (F 9 0) shows high ac.iv.ty. high affinity high 
specS. and saturable and reversible binding (102). 
Whangs ed lor activity at other related receptors , hkj . H, 
u « «, 6, 5.HT 2A . 5-HT 3 . and M 3 recepto/s. us high H 3 
demons.ra.ed ^Ol .031 The 
radiolabelling coultfbe performed by nuclepphil.c copperfl) 
catalyzed exchange reaction using ; .he corresponding 
S derivative as a precursor (66). The autoradiographic 
Seobtainedinashort time show 
'nated patterns of labelling in the cerebral cortex demon- 
•72ng 1 m. sensitivity and the utilization ol this commer- 
cially available radioactive probe (102). . lahA(l . d 5. 

Recently, the bindmgcharac.ens.ics of J 3 M1- a be led * 
methyllhioperamide (Fig. 10) were reported (104). This 
TinZre might atso be used in l"C]-labe.led form lor posi- 
tron emission tomography (P6T) (105). 

Pharmacological and clinical outlook ^ 

as shown in the previous sections ol this review, potent 
and selective preceptor an.agon.sts are now availably 
Several indications lor ^-receptor antagonists have been 
orooosed (Table II); three ol them related to disorders of the 

. , 0 ,ecal. ma. functional H 3 <™^*?? b *%£™^ 
,he human brain (11. 15), moreover, their ana.orp.ca d, s - 
tnbution in the human Dram has been described (106). 
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r W p«««^^«'^^^ n I '7 e 5SS, '392. 105: 
0 i me ou.wp* «o»i«» B ''' J Kna 

0 ,n a.r-jy»- Bf. J P'.a.maro* 1989. ' 

2t ic^.ose '/ E<.-"es. P J moo / PM ™ acol ,989. 16J 
r ro/,.>e.'g.c "fc-v« .« ru/Tiao a.^dys Eu< J rn- 

383 6 c v fia'ips P J Histamine Hv-'iscepio's modulate 
p,.p,g .n E-jr J P*armaco< 19B9 174 4y do 
0 ti,,c,nh,t>,>o'yTtiectoi(Rh' winy m jAj | 0 oomPhaffPa- 
crtt 1994 1<: 333-402. 

regulators of e*ocytot>c norepinephrine . ewas*. 
Tne' 199 4 2 ? i 1 259:66 

» — • ^«^:-~"..~™;^^' 

,dentH>cat,on of htstamtn.it n 3 recepio 
Res 199$ 77 206-^0 

1994.25' 283-6. 14 304 

32 Ma ,s^a. T .^^^^^iiffiiin 

Pharmacol 1992. 224: 145-50. 

^ Qn..i, mg Barnes P J Histamine Hyrecep- 
in/iib-f fwo*ascutt' tea**,* m always- 

PnyS.oM990. 68- 21-5. 

34 Coruzr- O . Aoami M.. Benaccmi. ^ secretion 
a , e not mom « rBguiafon o< r 3 t gasmc secret o 
macologyl992 44.190-5. 

n,sr/ JP" J PCBrm^cot 1 993. 62. 75-9 

,oLl »msi -rtf«S. J0«- J Pharmacol 1994. 66. 173-80 

3. .Bent. S. eni,ng vj o on , ne 5po „ la neouS an<3 
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AoenisAcnons 1991. 33: 67-70. - 
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Clm So 1994 87- 151-63. 
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iv effects of preceptor antagonists on teaming and memory in rodents. 



H 3 -Peceptor 
anagontsts 

GT 2016 



GT2CP6 
Tn*operamide 

Thiooeramida 

Th 10 per a nvde* 



Dose 
[mg/Yg i.p | 



Species 



£ft©ct 



10 and 30 



Mouse 



10 «at 
7 5. 10, 20 and 30 Juvenile rat pup 

2 Rat 



15 



20 



Senescence-acceier- improvemeni in latency .n s passive avo.dance response 
ated mouse (prone, paradigm 
strain 8) 
(SAM-P'8) 



Mouse 



Attenuation of the scopolamine-induced learning deficit in 
the elevated plus-maze paradigm , • 



Rei. 



120 



impr ovemeni in recall in the inhibitory avoidance and V 

maze reversal paradigms 
Attenuation o» the retention impairments induced by 

diazepam and scopolamine 

Improvement in performance in the 6-arm radial maze task 
improvement in latency m a passive avoidance response 
paradigm 

improvement in performance in a delayed non-matching to ' 115 
position tas* 

Improvement in acquisition and retention m a serial 
reversal learning task in the T maze 



114 



116 



117 



-The ©fleet ot ihioperamide reached a significant lev. 
mc>kg i p. 



el when u was given in comomanon with the H r receptor antagonist zolant.dine 20 
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